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NATIONAL ADVISORY GOMMITTEE FOR ATRONAUTICS

TECHENICAL NOTE NO, 945

-NONDESTRUCTIVE TEST METHODS FOR SPOT WALDS
IN ALUMIRUY ALLOYS

By R. G. McMaster, J, F. Manildi, and G. C. Woolsey
SUMMARY

This report presents the results of a study and research
investigation of nondestryctive test methods for spot welds
in aluminum-alloy sheets. The purpose of the research-was to
investigate proposed nondestructive test methods. for spot
welds .in aluminum alloys, to determine the feasibility of
such tests, and to recommend those research methods found
suitable for development and reduction to bractical aaplica-
tion.

Invegtigation was made of approximatelv 30 propused non—
destructive methods of testing spot welds, including electric-
current conduction tests, eddy~current ‘tests, thermal %tests,
sonic and vibration tests, material-proverty tests, penetra-
tor tests, X-ray tests, and mechanical-proof tests. Prelim-
inary tests and analysis of the requirements of a suitadle
nondestructive test indicated that penetrator, electrical,
and X-ray tests showed the most promise, and extensive devel-
oprient s of each of these test methods were carried ocut. ZEach
of thege test methods then was tried on groups of several
hundreds of industrially made spot welds, and the reliability
and accuracy with which weld sige, strength, and quality wore
predicted by each test wero determined. OComplete descrip-
tions of test equipment and the results of measurements are
included in this report, in many cases in the form of graphs.
Also included are photographic tables of ‘data on spot-weld
nomenclature and metallurgy, weld classification, and the
sffects of conditions of weldlng upon weld size and structure,

It wae found that, in terms of relisbility, the most
promlising nondestructive test method is the radiographic in-
spection of gpot weldes, which can probably measure weld- nug-
get diameter and the presence of defects, such ag cracks,

RESTRICTED
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poroslty, -end spitting; - The most reliable non-radiocgraphic

teat is the ring—penetrator oF profile-penetrator test, .
which can measure weld-nugget diameter relisbly under normal
condltions of production wselding. Tt does not measure the

nature or extent of cracking, porosity, &nd spitting, except
insofar as these defects change the depth of penetration un-

der load. VNeisher -the -electrical, nor the penetrator tests

are capable of determining the extent of the alelad inclusion

into the weld nugget at the faying plane, or the decrease in

weld strength resulting from this cause.

INTRODUCTION

-

The need for practical nondestructive tests for spot
welds 1in aluminum-alloy sheet 1s recognized in the aircraft
induetry. Present industrial procese control and visual ip- S
gepection procedures, while adequate for the production of ¥
sacondary aircraft.structures and, in some cases, for primary :
alrcraft ecomponents, do .not guarantee that all spot welds
made in aluminum-alloy sheets for aircraft will meet minimum LA
strength requirements. Consequently, spot-welding applicsa-
tions have been limited, for the most part, to secondary or
unstressed structures., Until adequate process control, mon-
itoring of the welding equipment, or reliable nondestructive
tests are provided to guesrantse weld quality, the spot-weld-
ing of primary aircraft structures tends t0o be limited.

When designers and inspectors are shown undeniable proof . __
that weld quality is adequate. the spot- welding of primary
alrcraft, structures may be sxpanded. A reliable nondestruc-
tive test for spot wolds would provide this proof of weld
guality.

The purpose of.- the research described in this. rgport
was to investigate proposed nondestructive test metholdls. .for
spot welde im. aluminum—alloy sheets, to detérmine the feasi-
bility of such tests, and to recommend methods fouad suitable
for further devolopmont and reduction to practical applica-
tion. The National Advisory Committeec for Aeronautics spon-
sored the research and contributed to its financial support.
The investigation was carried out at California Institute of
Technology under the supervision of Professor F. C, Lindvall,
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. STATEMENT OF TEE PROBLEM

4. Requirements of Test

The nondestructive spot-weld test must be absolutsely
reliable, and should be practical, fast, efficlent, and eco-
nomical both in labor and equipment. I% should be suitable
for production testing and for occasional irnspection checks
on questionable welde at any point in the fabrication process.
It should detect Pad welds regardless of their cause.

To be more specific, the test must be:

1. Reliable.~ It shoild discriminate normal welds -
that is, welds with static shear strengths 25 percent to
125 percent above the minimum acceptable strength - from
welds witin less than the minimum acceptable strength, with

‘comnplete reliability. To obtain this rellability, the method

should predict spot weld static shear strength within £20
percent of actual weld strength, and more accurately if pos-~
sible, throughout the range of strengths from one-half the
minimum acceptable strength to the highest strength obtained
under normal production conditlons in acceptadle welds. A
reasonable maximum accuracy to be expected from a nondestruc-

-tive spot-weld test is that test indications should measure

weld strength as closely as nugget diameter (whieh could be
observed by destructively sectioning the weld) correlates
with weld strength. Any nondestructive test which approaches
this standard should be considered successful, for the rela-
tion between nugget diameter and weld strength is gensesrelly
recognized as the most significant relation between a single
weld parameter and the static shear strength of the weld.

2. Practical.- It must.be such that i% can be used reli-
ably by - semiskilled personnel under normal production condi-
tlons, .

3. Fast.- Because of the large number of welds to be
tested, a production testing device ghould preferably coperate
in 2 few seconds and be capable of being quickly transferred
and positioned for testing. For this reason, its location
with respect to the weld nugget should not be too eritiecal.

e

4, Immediate in response,- Ih'prodtction testing, the

indication of weld strength shonld be immediate, to avoid

delay and unnecessary identification of specific 'welds under
test. : : : - s
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r.

B, Independent of weld location.- Test results should
not be invalidated by the proximity of other welde, or of
corners, slots, or edges in the sheet, or of large masses of

6. Indevendent of ‘ambient conditions and of surface con-
ditions of welded sheets.— Since weld testing may be done on
production lines within buildings or out-of-doors, test re-
sults must not be affected by temperature, noise, vibration,
_dirt, hum*dity, or other test conditions dependent uvon loca-
: tion. Sheet surfaces must not require excesesive preparation,
nor should surface conditions resulting from normal produc—
tion processes invalidate the test.

7. Nondegtructive.- The weld must not be damaged by the
test, nor should the alclad layser be broxen aor the. sheet or
part be distorted by the test

In addition, it would be highly desirable, but not nec-
" essary, that the test equipment be portable and that it re-
quire access to only one side of the welded shests, If ueed
on fabricated pieces, it would be advantageous if the portion
of the tester to be brought to the weld were gmall, welghing,
‘only a few pounds at most, and were easy to move and set ac~
curately in position. ¥For production testing of small parts
‘before further assemdbly, the work might be brought tec a fixed
testing machine. Although spot welds in aircraft are acces<
sible from both sldes of the work at some point in the fabri-
cation process, & testlng unit operdting from only one side
of the sheet would be very advantageous, provided reliability
of measurement were not sacrificed to obtain this advantage.

B, Welad ProPertiés-ahd Nomenclature

"Figure 1 shows photomacrographs of both cross section
and faying surface, and photomicrographs of significant re-
glons, of a typical spot weld in alclad 24S-T alumlnum-alloy
sheet, The following nomenclature, which will be used
throughout this report, refers to this figure.

1., The parent sheet (A) is the 2485-T aluminum-alloy
sheet in the reglon outside the weld proper which has not
been affected in any manner by the welding process. This
alloy i1s composed of 4.5 percent copper, 0.8 percent manga-
nese, and 1, 5'percenf magnesium, with-aluminum'and'normal
impurities making up the balance,” (See reference 1.} The
245-T (tempered) alloy develops bbout 41,000 psi shear

-
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strength; while 248-0 (annealed) alloy develops only 18,000
psi. The incipient melting temperature of this 248 alloy is
936°% ¥, (See reference 2.

2, The alclad layer (B) is a thin layer, epproximately

‘5 percent of the parent sheet thickness, of commercially
‘pure aluminum bonded to each surface of. the parent sheet.

Its prime purpose ie to probtect the parent sheet against cor-
rosion, "It is important that the welding operation should
not impalr the protection provided by this coating. This
commercially pure aluminum develops ahout 9500 psl in shear
and ha§ melting point of about 1200 F (See references 1
and 3 R :

3. The weld nugget (C) is an ellipsoidal volume of metal
which has beenr melied by the welding current, possibly being
stirred so as to effect & redistridbution of its chemicasl con-~
stituents, and has then solidifled into two distinet zones as
a cast strueture,  (See reference 4. The dewmaritic zone (C')
shows evidence of very rapild sclidlficatlon, while. the equi-
axed zone (G“) shows evidence of relatively slower cooling.
The nuggeét is softer than the parent sheet and develops only
about 18 000 to 22,000 psi shear strength. (See reference 3.)

4, The corona region (D) surrounds the weld nugget at
the faying plane and ls that area of the alclad coating which
has been subject to pressure aid heat during the weldlng pro-
cess, The nature of the corona may depend upon the surface
preparation of the sheet before welding, and in the coronsa
reglon there may be no bonding, partial bonding, or complete
areal bonding depending upon the sheet conditlon and the con-
ditions of welding. It is not safe %o assume the bonded area
of corona to be proportional to nugget area, for the purposes
of nondestructive test development. The complete corona bond-
ing may develop as much 'as 9500 to 10 500 psi shearing
strength. (See reference 3.) :

5. The aleclad inclusion (E) into the weld nugget at the
faying plane consists of aluminum of the alclad layer which
has not been alloyed into the nugget. The extent of alecled
incluslion is gquite variable, and tends to be greater with.
thlick alelad layers, and in low energy welds with thin nug-
gets, Bxcesslve alclad inclusion weakens a weld in shear
loading, since it decreases the effective nuggst area at the
faying plane. It is possible to develop a nugget in both
sheets, yet have 100 percent aleclad inclusion, (See refer-
ence 3,) In this case, the weld nugget contributes nothing
whatever to the weld strength
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6. The penetration (F) of the weld nugget into the par-
ent sheet measures the portion of the sheet thickness occu-~
pied by the weld nugget. Penetrations of 20 to 80 percent
of the sheet thickness are usually considered acceptable.
(See reference 5.) ZExcessive penetration (80 to 100 percent)
usually indicates a brittle, c¢racked, or porous weld, and it
is undesirable both because of lack of ductility in the weld,
and because the cracks may spread to the surface breaking
the alclad layer and permitting corrosion. 1Inadequate pene-~
tration {(below 20 percent) is frequently accompanied by ex-
cessive alclad inclusion and inconsistency in strength.

7. The heat-affected zone (G) is that region of the par-

ent metal surrounding the weld nugget the properties of which
have been changed as a result of exposure to elevated temper-
atures. The shear and tenslile strengths of the 24S5-T alloy
are reduced in this region. Structural changes, such as in-
cipient melting of the material and inttrusion of eutectic
along grain boundaries, occur in this zone, (See reference
6.) Very large welds tend to "pull a dbutton! when they fail
under shear loading, the failure possibly occurring in part
through this heat-affected zone, (See reference 7.) Welds
which fall by shearing the nugget throcugh the faying plane
are not greatly affected by this zone insofar as the shear
load required for fallure is concerned,

8. The faying plene (H) is the plane of Jjoining between
the welded shests. Bonding between the two sheets in this
vlane gives the weld i1ts strength. '

C. Factors Contributing to Weld Shear Strength and Quality

Spot welds are seldom designed to be loaded in tension,
The spot weld 1s mueh stronger under shear loadling and 1s
normally designed on the basis of static shear loads. The
most commonly used measurement of weld strength is the stat-
ic shear strength of a single spot lap Joint, (See refer- .
ence 5.) It is this static shear strength which must be pre-
dicted reliably by nondestructive tests to obtain their
general acceptance. If static shear strength cannot be pre-
dicted reliadbly, the nondestructive test method must be con-
gsidered a fallure, regardless of how well 1t measures other
weld properties.

Unfortunately, statlc shear strength alone is not a good
measure of spot-weld gquality. Weak welds without any nugget
bonding whatever at the faying surface may pass minimum ac~
ceptable static shear strength requirements by virtue of
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alclad bonding; yet these welds might fall in service. Very
large welds with oversize, cracked, brittle nuggets and low
ductility may show very high static shear strengbths, yet con-
trivute to early fatigue failure and rapid corrosion. 4n
1desal nondestructive test should distinguish between thesse
gefects., R - :
. —The single spot weld parameter which by itself corre-. " .-
lates most reliably with static shear strength is the weld-~
nugcset diameter at the faying plane. More precisely, it is
~the nét area of cast alloy (total nugget area less the area
of the alclad inclusion) at the faying plane which determines
weld strength. With excessive alclad inclusions, measurement
of the over-all nugget diameter can be misleadlng to the ex-
tent of 100 percent error in predicting weld strengths. With
normal. alclad inclusions, the nugget diameter measures weld
static shear strength with an error of £10 to =20 percent of
actual weld strength. '(See fig. 41.) For welds without ex-
cessive aleclad inclusions or corona bonding, which fail by
shearing the nugget through the faying plane, the correlation
is quite reliable. TFor stronger welds which fail. by "pulling
"a button," the correlation is less reliable, but in all such
cases the weld strength 1s less than would be expected for
"failure by shearing through the nugget at the faying plane.

The second parameter, in addition to. the net area of

cast alloy at the faying plane, which contributes signifi-
cantly to spot-weld shear strength, is the effective ares of
alclad or corona bonding at the faying plane. In cases where
the cla&ding is fully bonded between the sheets near the
weld, there occurs a strength contribution per unit area of
bonded cladding, equal to approximately half the unit -strength
-of the cast alloy. In weak welds, the area of bonded cladding

may easily exceed the cast alloy area in the natio of 3 or 4
to 1. In these cases the bonded cladding, contributes-  a ma jor
portion of the static shear strength of the weld. .Thig edded
strength would be evident in the static shear pull test,.yet
could not be relied upon for the life of a welded structuret
as.the alclad bond is of gquestionable nature.

It is difficult to measure the net area of alclad “bond-
ing, not including the area of nugget_ bonding, in a nondeu‘
structive test. Howsver, if reLieble_independent measurements
can be made of the total bonded srea and of the net nugget
area at the faying plane, their difference measures the area
of bonded cladding.

Cracking end porosity within the welﬁ_ﬁugget have
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negligible effect upon static shear strength, except insofar
as they affect the. bonded area at the faying plane. Py

- The inflvence of the dlfferent types of metallurgicsasl
structure ‘on the characteristics of spot welds is not known
. at present, dbut it is probably of much less importance than
factora such as size, shape, soundness, and freedom from
cracking., (See reference 6.) Heasurements have shown, no
,reliable direct correlation between &ny’ metallurgicai prop~
:erty.and weld strength, except ingsofar as nugget geometry
has been measured by structural propérties.

-+ D, Weld Types to be Discriminated . '9

o The task of developing nondestructive teata for apob
=“wel&s is frequently given by production weldlng groq@s to

'* ressarch ‘groups or outside organigzations whose famillarilty

< with production wolding condltions is limited, All too fre-~
quently, these research workers have a falsely simplified
‘conecept- of the’ nature, geometry, and structure of spot welds,

on which to base their nondestructive test developments. It *
must therefore be recognized that the size, shape, and bond-

ing, particularly of weak welds, .are exceedingly variabdle,

Static shear tests alone tell very little about weld geometry,
slize, and quality. Meny anomalous conditions exist which

ténd to invalidate nondestructive test methods. -

To &id in the development and interpretation of nonde-
. structive spot-weld tests, a clagsification chart is given
showing the faying surface and a section through the nugget
for ssveral typical spot welds made under industrial welding
conditions, These welds were made on energy storage welders
_of both the magnetic and the condenseér types, which tend to
produce similar weld structures, No alternatlng-current
- welds are inciuded, bHut similar tesults can be obtained with
alternating current welders under certain conditions.

For simplicity, the classification chart begins with
very low energy welds, and progresses to larger and stronger
welds made with increasing energy. In this manner: the sig-
nificance of the various weld regioms in contridbuting to .
weld strength can be Easily determined. ' .

"These welds were made on industrial spot-welding machines 4
with all preparation and welding conditiohs normal, except
energy setting or, in a few cases, forge pressure.delay time.
Thus, the net heat developed :in:thé weld was used 'as the chief
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variable in produeing these weld types. The bad welds were
purpogefully made sc for use in developing nondestructive
spobt-weld tests.

Type A Welds* - Alclad Bonding Only with No Nugget Formation
(See fig. 2.)

Weld A-1 represents the lowest energy setting of the
welding machine producing observable bonding at the faying
surface. A small region of the alclad layers has been hesated
and subjected to pressure, producing a weak bond possibly due

"to plastic deformation and keying at the faying surface.
This weld fell apart upon handling. The bonded points are
good conductors of heat and selectricity across the faylng
surface betwsen the sheets; the surrounding faying surface is
a very poor conductor as a result of the presence of a thin
layer of aluminum oxide, which acts as an insulator. No
changes have ocourred in the parent. metal, and no nugget for-
mation has occurred. o

Weld A—2 was made under the same conditions as reld A—l
but more. extensive bonding has occurred at the faying plane.
The alclad layer has bonded over a slightly larger area. The
static shear strength was 100 pounds. - This bond, because of
increased area, shows less over-all reslstance to the flow of
heat and electric current across the faying plane than the
bond of weld A-l. _ S . o

Weld 4-3 made with increased energy shows a stlll larger
area of alclad bonding, and developed a static shear strength
of 215 pounds. The resistance of this bond to the flow of
electric current and heat is still less than that of weld A-2,
because of the increased bonding area. :

All the welds of type A, frequently called "stuck" welds,
involve only alclad or corona bonding without any nugget de-
velopment whatever, and should be classified as worthless.
This type of .bénding results only under a locally idezl: con-
dition of surface preparation, such as wire brushing or care-
ful etching. A fingerprint or the use of other methods of
surface preparation may result in absolutely no bonding under
the same conditions of welding. However, welds of this type
have been noted with much larger area of alclad bonding,
which develop more than the Army minimum acceptable gtatic

*Specimen, welds shown are all made in 0.040-inch .24S-T
alclad sheets. All are shown at 10X magnification
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shear strengths. The weld shear strength is directly propor-
tional to the net area of true bonding, and the unit shear
strength is near 10,000 psi, HNondestructive tests which
‘measure the area of bonding at the faying plane tend to meas~
ure weld shear strength accurately, when slclad bonding is’
the only type of bonding present in the group of welds under
test..i

Type-B Welds - Elementary Nugget Formation
(See fig. 3.)

“-Weld B-1 shows the effect of a different method of sur- .
face cleaning upon the bond at the faying surface, Suffi- ;
cient welding energy to provide an elementary nugget in both
sheets haw’ been supplied yet almost no bonding whatever has
_oceurred save on the periphery of the heated area. This

"“weld“ fell apart: upon handling.

Weld B-2 represcehts a slightly higher weld energy than
the welds of type A, wlith very elementary tendenciese toward
. nugget formation, Nearly 100 percent of the bonded area con-
gists of aleclad bonding with an almost negligible area of
cast alloy or nugget bonding This weld falled at a shear
load of 360 pounds, the increase in strength over wéld A-3
resulting chiefly from the increased areg of bondlng.

Weld B-3 represents a further increaee in weld energy,
‘produting =a "ecrescent" or "doughnut" shaped nugget develop-
" 'ment. 'Some of the alclad layer has heen melted and alloyed
,with the nugget materialL permitting the cast alloy of the
‘“nugget itself to form a direct bond over a small ring-shape
gren,  This weld 'developed 580 pounds in static shear test,
iost of the gain in strength over.weld B-2 resulting not
from a change in the area of bonding, but rathér from a
change in the type of “bonding - from alglad bonding to cast-
"alloy bonding in the nugget area.; The, cast-alloy bond
usually develops about 20,000. psi unlt.ahear etrength approx—
imately twice: thet characterietic of the alclad bond. ' Thus
this weld would .not. he diserimipated from weld B-2 by non-
destructive tests involving only the measurement of the total
area of bondlng at the faying surface.

Weld B~ 4 made with still greater energy, develdped a
“flat nugget of larger .size, but seems to lack alclad bonding
‘entirely. 'Its strength of 480 pounds is consequently lower
than might be expected. This failure of corona bonding may
.have resulted from local surface ‘contamination of the faying
plane, as by & fingerprint. Thus nelther the relative ‘size
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vf.nugget nor the relative bonded area of this weld can meas-
ure its strength reliadly in comparison with preceding welds,
Fondestructive tests based only on measurement of the conduct-
ing area at the faying plane would. classify this weld as near
to weld A-2, which has about 50 percent of its area, yet only
21 . percent of its strength, and so the tests would be 100
percent in error. Tests based on nugget slze alone would
classify it as stronger than weld B-3, and would probably be
40 %o 50 percent in . error.

. Weld B-5.developed a flat nugget comparable to that of
weld B-4, .but the total bonded area covered only half the

usual circular area, and contained only a small area of cast

alloy bonding. Conseguently, thia weld is weaker strength

. {340 1b) than welds B-2 and B-3.

All the welds of type B, frequently called doughnut or
crescent welds, involve small regions of cast alloy or nugget
development with.or without extensive alclad bonding depend~
ing upon conditions of surface preparation. The cast-alloy
bond develops about twics the unit shear strength of the com-
plete aleclad bond. Hence weld strength is not measured re-
liably by the totael arez of bonding at the faylng surface.
Usunally the strength varies wldely between successive welds
made under these welding conditions, so that all these welds
are undesirable becauss of lack of consistency, even though
e group of these weldse may pass the minimum acceptable shear
strength requlrement

The changes in weld energy in this group of welds were
obtained with constzat energy (current relay) setting of the
Sciaky welder by advancing the applicatlion of forging pres-
sure by varying amnounts of time.

~

Type-c Welds - Small Diameter Nuggets with Normal

Alcled Inclusions and Low Penetration
(See fig. 4.)

Weld C-1 has a small nugget of normal shape and a rea-
sonable amount of alclad inclusion, typleal of welds made
with higher energy than the type-B welds, but with iasuffi-
clent energy to produce full-size nuggets, Little alclad
bonding occurred on this weld. The weld strength is only
200 pounds., The penetration is low, ameunting to about 30
percent of the sheet thickness, p Ce

-1 .
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Weld C-2 was made with greater energy than weld C-1 and
has somewhat larger diameter and aebout 55 percent penetration.
The strength is 380 pounds. The nature of the corona bond on
.this weld is gquestionadle,. '

+ Type-C welds result under otherwise normal welding con-
ditions’ when weld energy 1s slightly low for the production
of normal sigze welds. If the corona bond happens to be ex-
tensive, the welds desvelop normal static shear strength.
However, 1f corona bonding is abgent, the weld strength is
low. Inconsistency of strengths results, particularly if

~isurface preparation and clegning of the sheet were inadequate,

Type-D Welds - Normal Diameter Nuggets with Normal Penetration
o . : ~ (See fig. 5.)
=Weld D~.1l ig a woeld of normal diameter, penetration, and
shape.-- 'Its strength was 725 pounds. It has an adequate area
of cast<alloy bonding ab the faylng surface, to which cororna
bonding adds further strength. The alclad inclusion ise not
excossive, The weld is "sound" -~ that is, it is free of
cracks and porosity. The penetration 1s not excessive, since
the heat-affected zone does not extend to the surface of the
24S-T alloy. This is the preferred type of weld. Its maxi-
mum strength has been realized because 1t falled by shearing
through the nugget at the faying plane.

Weld D-2 is a weld of normal penetration and shape, with
- slightly larger diameter-than weld B-1., It failed by pull-
ing a dbutton, with Parﬁial shearing of the nugget, and so de-
veloped only 580 pounds shear strength.

The welds of type D consistently develop acceptadle
static shear strength, and are characterized by normel dlem-
eter, woll-shaped nuggets of reasonable penstration., The
welds are usually sound and free from cracks, porosity, and
lack of fusion,

Type~E Welds -~ Oversize Nuggets with Excessive

Penetration, Cracks, Porosity, or Spitting
. , (See fig. 6. '

Weld -1 has a nugget of normal diameter with excessive
penetration into one sheet, and a tendency toward cracking
in the nugget. Sheet efficiency may be impaired by the
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excessive penetration, and fatigue strength might be lowered
through further growth of the cracks. Should the cracks ex-
tend themselves to the sheet surface, corrosion may further
impair the weld qpality. "Strength was 700 pounds, no greater
than that of ‘a normal penetration weld with the same nugget
dlameter. LT
Weld E-2 shows excessive cracking in a Weld of nearly

normal nugget diameter and penetration. This results from
inadequate electrode pressure during welding; in this partic-
‘ular case the spplication of forging pressure was purpose-
fully delayed to obtain this result. The fatigue~.md corro-
sion-registant properties of the wel& mnay be impaired -
Strength was 590 pounds. -;-: - oL LI

e — =~ I N rm = — oy ot — P I, T U

Nugget cracks usually lie in planes normal to the sheet
surface, and radliate ppokellike from the center of the nugget.
Current and heat flow through the bonded area normal to¢ the
faying surfaee are not appreciably affected by such cracks.
X-rays, or eddy-current flow parallel -to the plane of the
sheet will detect this type of cracking

- Weld BE~3 has a large diametgr nugget with excessive pen-
etration into one sheet. COracking is frequently present in
such oversize welds, particularly where inadequate tip pres-
sure has been uged. Further ing¢rease ln nugget size offers
1ittle advantage, for possibls increase in static shear .
strength 1s offset by probable reductions in fatigue strength,
sheet efficiency, duetility, and corrosion resistance when '
excesslve penetration and cracking result.

Weld E~4 hasg an abnormelly large nugget with excessive
penetration and cracks extending to the sheet surface. It
developed a static shear strength of 1385 pounds, dbut the
crack might serve as a focal point for corrosion or fatigue
failure. - -- = - T T

Weld E-5 exhibita “spitting" at the faying surface, a
condition which usually is accompanied by porosity and re-
duced strength (640 1b¥ - - S : ' -

Welds of type E may occesionally develop greater sgtatic
shear strength than normal welds, -but this gain is offset by
2 decrease in strength consistency, and a probgbility of ex-
cessive penetration and cracking, o '
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TESTS AND RESULTS

RELAAETE Ca s LT - -

Tl o At the time this research was begun, several methods
1d?=iz}fgr the nondestructive testing of spot welds in aluminum al-
i .m-l0¥ye -had been proposed., Bach of these methode involved an
attempt to measure the total area of bonding at the faying
plane, through the flow of direct current, alternating or

eddy current, ‘heat, vibration, or sound wavés across the fay-
“v.ing plane at the bond Tegts showed that none of these meas-
. ' +.-nrements could predict weld strength reliably, and that the
... reason for their failure lay in their inadbility to discrimi-
.-nate between the relative areas of_ nugget bonding and of al-
clad bonding at the faying plane, ' If such tests were call-
brated on welds having nugget bonding only, the measurements
could falsely indicate the. strength of a weld with predomi-
nantly aleclad bonding to be as much as.100 percent abeye the
true strength. Tor thls reason, tests developed by seversl
research laboratories failed to ‘discrimlinate weld stremgth
and quality and their development was abandoned. .

During the past year, radiographic methods of inspecting
spot welds have been developed to show great promise,. (See
references 4, 6, 8, 9, and 10,) The radiographing of spot
welds, however, seemed unattractive to alrcraft manufacturers
because- of the cast, time delay, and skill required in .test-
“ing, as well as the possibility of misinterpretation of the
rediographs or misuse of the ‘method. The practicabiltty of

.'the .method has 'not ‘yet been-: proved for industrial production
inspection,  Therefdre a specific'directive to develop non-
radiographic test ‘methods, 1f possible, was given to this
pro;ect .

For the use of research organizations interested in the
development of nondestructive tests for spot welds, a brief

- description of proposed test methods is now given., Methods
proposed and developed independently by California Institute
of Technology are indicated with a (¢) sign. Methods pro-
posed elsewhere are indicated by a superscript letter. Gen-
eral informstion on the methods is included where it may
prove ugeful. These methods include:

i - (&) Visual Inspection of Spot Welds
‘(b)) Blectric-Current (Conduction) Tests

(¢c) Bady Current (Induction) Tests
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(d) Thermal (Heat- Flow) Tests

- PR — - R s

- () Sonic and Vibratlon Tests
(f) Sheet-Surface-Condition Tests

(g) Impressor or Penetrator Tests

(h) Mechanigal—Proof Tests

(1) Radiographic Tests

A, Visual Inspectlion of Spot Welds

Quality control of spot welds in the aircraft industry
is obtained at present by (See reference 5.

1. Careful process control

Qualification testing of machines

Percentage destructive testing

2

3

4, Strength—consistency tests

5, Weld-metal-gtructure tests, and
6.

Visual inapection of welded parts and structures

'Visual inspection is the only nondestructive test which
has received general acceptance in the lndusiry.

A gkilled inspector, famillar with the conditions of
preparatlion and welding, and the characteristiecs of partic-
ular machines in a given plant, can obtaln a great amount of
information concerning weld gquality by visuwal inspection of
the finished parts. Parte showing excessive indentationg of
the sheet by the welder electrodes are of course rejected,
for surfaces exposed to the air stream in whlich a smooth
sarface. is required.

The presence of spits or flashes, or evidpnce-ofﬁeigbs-
"sive tip pickup, often indicates bad welding conditions.
Welds with eracks extending to the sheet surface are easglly
observed, and cannot be accepted because these cracks serve
as focal points for corrosion,. Evidences of éxcessive sheet
separation indicate bad welding condit;ons, with p0551b1e

’ ot . R T S : . 1
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expulsion of metal from the weld zone and resultant cracks

or porosity. Certain surface conditions can be correlated -
with ductility or, conversely, with brittleness in the weld.

Under controlled conditions of welding, nugget sigze, weld

energy, and timing of forge pressure can be correlated with
surface indentation of the sheet. The research man must

avold developing nondestructive testse which measure these
spot-weld parameters no more reliably than doea visual in-
spectlion. T

B. Blectric-Current Conduction

Indicationg obtained iIn electric-current conduction
tests depend upon the measurement of resistance in the weld
region, They depend in particular upon the geometry of the
conducting path and upon fthe specific resistivity of volumes
and surface regions in that path Because of the very low
resistance of aluminum alloys, even with a current path lim- _
ited to the weld reglon to obtain sensitivity to weld condi-
tions, large currernts, 10 %o 100 amperes, uwsually are re- )
quired., Sensitive pickup units with low internal resistancs, .
desligned to respond to 5 %0 100 microvolts, are nesded. Only
a small portlion of the total energy input to the weld reglon
is available to zctuate the. indicating instrument 1n the
pickup system., The relativeTy large effects of contact re-
sistances and thermal electromotive forcea must be reduced in
the measuring circuits.

It is difficult to detect variations in the specific
resgistivity in the various metallurgical regions’ of the spot
‘weld, from the outer surface of the sheet. Despite the fact
that 24S5-T. has approximately twice the resistivity of 25-0,
and about 167 percent of the resistivity of 245-0; the usual

weld nugget has little resistivity effect upon elegtrical.
measurements. from the outer surface of-the sheet.  There are
noe boundary regions of very high .resittance between the nug-
get and the parent. metal. For wel&s of normal or low-pene-
tration, the overlying layer of parentcmetal tends to- mask
small changes in resistivity within the nugget -

As an example of this condition, & rectangular priam
containing half a weld nugget was cut from an 0.064-inch
248-T alclad sheet containing typical spot welds. The sides
of the prism were machined smooth and parallel, resulting in
a block 0.064 by 0.020 by 1 inch containing half the weld
nugget, as shown in figure 7. Direct qurrent was passed
through the strip from end to end. The potential distribu-
tion was measured by means of a potentiometer easily adjusted
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to 1/2 percent of the total voltage drop in the piede,
through the use of a sharpened aluminum alley probe and a
dividing engine. The potential distribution was found to be
that shown in.figure 7 for measurements on the side of the
block which had been the faying plane. No significant d4is-
continuities exist. Measurements on the opposite side of
the block showed a linear potential distribution. Similar

--profiles in_which the difference in voltage between two
.probes 0.04 inch - apart was measured as the probe assemdly

was moved along the piece 2lso showed no resistance discon-
tinuities. In the absence of pores and cracks, therefore,
it will be very difficult to use specific volume resistivity
measurements from the outer surface of the welded sheets to
measure weld size or guality.

It is feasible to detect variation in the total conduct-
ing area of the bond between the sheets at the faying plane
of a spot weld. This may be done by using direct current
flowing across the faying plane (normal to the sheet surface)
at the bond. Several direct- current tests of this type have
been proposed. Direct current flowing 1In the plane of the
sheet does not measure the area of bonding, unless a sizable
normal component of flow through the bond can be established.
(see fig. 8.) :

Advantages of direct-current methods lie in their'sih—
plicity and their immediate response.

Disadvantages of direct-current test methods lie in the
difficulties of establishing satisfactory proebe systems with-
out excessive contact resistance or thermal electromotive
forces, as well as in the smeall energy available in the pick-
up system.

1. Two-side direct-current test®.- In this test, a large
direct current is passed from a cylindrical.currenst electrode
(I) in contact with the sheet surface above the espot weld
through the weld normal to -the faying plane to0 a similar cur-
rent electrode in contact with the sheet surface below the
spot weld. (See fig. 9.) Potential prodes (P) in contact
with the outer sheet surfaces and connected to a lowresist-
ance galvanometer, measure the potential drop through the
weld, This test measures the total bonded area at the faying
plane of the weld. For welds with small areas of bonding,
the lines of current flow are crowded together at the faylng
plane and produce a relatively higher potential drop than
with welds with & large area of bonding. (See figs. 10 and
11.) Higher potential readings thus tend to indicate smaller,
and presumadly weeaker, weléds.
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Precautions to be observed in making this test are:

1. The current electrodes must be fixed relative to one
another and be very carefully centered above the actual weld.
(Incidentally, the weld may not be centered under the impres-
aion of the tip of the welder electrode.) A displacement of
the current electrode 1/16 inch from the optlmum point with
resgebﬁ to’ the weld may intro&ﬁce a 100 percent change 1in
ﬁbﬁéntial indicition. (See fig. 10.) Each area of the cur-
rent electrods must” nake the same degree of contact, and
earry the same proportion of the total current, on successive
measurements, ln splte of variations in the geometry of the
..indentation of the sheet surface by the welding tips.

2. The potential probes must be very carefully and per-~
manently located with respect to the current electrodes. A
..Gisplacement of 1/64 .inch produces a large srror in potential

‘indication. Centering the potential probe symmetrically with
Tespect to the current electrodes, sc as to measure only the

.veltage drop due ‘to current flow normal to the sheet surface,
has been shown to give. optimum sensitivity in thesa tests,

3. The potential probe should have a'sharp tip of &
hardened alloy, capadle of. puncturing the oxide film on the
surface of the aluminum sheet without requiring the appllca-
tion of excessive pressure or penetrating a variable distance
into the sheet. Low, constant contact resistance must be ob-
‘tained, Purthermore, the potential probes must be made of an
alloy which developsonly a very small thermal electromotive
force when in contact with aluminum, . This is necessary be-

' cause the potential drop across the wald amounts to only a
" few microvolts (O to 50) in crdinary welds, for total cur-~
rents large enqugh to heat the weld region appreciably.

4, The applied pressure and the total test turrent
should not be large enough to cause further fusing of alclad
at the faying surface, as this naturally introduces errone-
ous test 1nd1cations.

5, Cleaning tHe sheet surfaces above the weld with ‘steel
wool and acetone tends to improve test consistency.

Inherent errors in this test method, present even when
test equipment is correctly das1gned accurately built, and
properly used, are: o : '

1. An error in predicting weld strength amounting to as
much as 100 percent of ‘actual weld strength, resulting from
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the inabillity of this test to discrimimate the relative areas
of: alclad and nugget bonding at the faying plane. Both types
of.:bonding have low resistance in comparison with the un-
bonded oxlide coated areag of the faying plane, and .both types
of bonding serve equally well as electrically conducting
areas in. . this. test.

2. An error of as much as 100 percent in potential indi-
cation, resgulting from displacements of the electrode assem-
bly by 1/32 inch or more from concentricity with the bonded
area at- -the faying plane. Since there is no indication on
the quter sheet surface of the exact location of the bond at
the faying plane, save the indentation caused by the welder
tips, this error cannot he remedied except by profiling the
weld reglon to obtain a minimum indiecation. Results of typ~
i1cal profile electr1cal test on welds are given in flgures
10 and 11.

. 3. An error of variadble magnituwde resulting from varla-
tions in the ghape of the c¢onducting area at the faying plane,
A long narrow bonded area might develop the same shear
strength as a circular bonded area of equal magnltude. but
test 1ndications would vary. "

4., An error of variable mggnitude resulting from the
presence of adjacent welds or rivets near the weld under test.
A portion of the testing current is shunted through these ad-
jacent bonded areas, lowerinzg the test indication. Similar
large errors in indication may result when "ppits® or expul-
gion of meftal oceur and bond the faying surfate near the weld
under test.

Imbrovemehtg-in this test method were obtained by follow-
ing the listed precautions, and, in addition: '~

1. By modifying the originally proposed three—p?#%t cur -
rent-electrode assemblies to use :four to 8ix peointsd

areas .of contact arranged in a circle, 6r a ¢ylindrical
electrode () making a circular contact with the sheet surface.
This eliminated errors occurrlng on welds with elementary
ruggetd formation when chance alone detsrmined whether only
one, or two, of the current elactrodes in thg three—electrode
assembly lay over the bonde& portion of the. weld’ N

2. By selectlng the diameter of the circle ‘of current
electrode contact slightly larger than the bonded area of the
normal weld, optimum sengitivity to weld area was obtained,
with minimum shunting of current through ad jacent welds.
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3. By applying a measured pressurecﬁ) to the current
electrodes which were accurately alined in the form of a
circle- of spherical contacts or a cylindrical contact, vari-
ation in depth of penetration of the current electrodes inte
the.sheet, and errors in slinement, were greatly reduced.

" -Advantages of the two-side direct-current test include:
() its simplicity, (b) ite great sensitivity to weld pres-
ence (indications increase by a factor of 80:1 as the elec~
trodse.assembly is moved off a: weld t0o a point halfway be-
~tween two welds 1 inch apart), (c) its effectiveness in
‘measuring the .area of contact regardless of type of bonding
‘present (the extent of alclad bonding is very difficult to
‘measure by other methods): '

- Disadvantages of the two-slde direct-current test in-
ciude: fai-its inability %o measure weld strength reliadly,
(v) its inherent errors, (c) the fact that it requires ac-
cess to both sides of the weld, (d) the large testing cur-
rents required, (e) the small energy available in the poten-
tial circuit. - : o ' L :

[N

2. One-side direct-current test®.- In. thie test, a dai-
rect current isg passed hetween two qurfehtfalactrpdea'(I)
both of which are in contact with the same ounter sheet sur-
face above the spot weld. The potential drop Dbetween.two
prodes (p) placed on the center line ¢f the .current elsc-

_:=trodes, alsoc in contact with the same outer surface of. the

.sheet, l's.mpasgured by a potentiometer or loy;rps;stance
galvahometer. (See 'fig. 12.) In the weld.-region, some of"
the current ftends to flow down below the faying plane through
the bonded area, reducing the current density in the upper
sheet above the weld, Thus the potential gradient is lowered
above a spot weld with a large area of bonding, and lewer po-
tential indications result. ' o S

Precautiong identical with those listed for the two-side
test must be observed with this method. ' . .

Inheront errors identical with thoge listed for the two-
slids test exist with this test method. In addition, the one-
side test is very much less sensitive to the presence of a
weld, and to its sigze, %than the two-slide test . Whereas the
two-side test indication changes by a factor of 80:1 as the
test assembly is moved from a location 1/2 inch from the weld
to a point over the weld, the dne-slde test changes its indi-
cation less than 20 percent with a similar movement of the
essemdbly. Since only a small fraction of the total current
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flows. below the faying plane at the weld, the percentage
;change ln indication between small welds and large welds is
less than 10 percent, under optimum test conditions involv-
-ing only one weld in a l-inch wide shear test strip. (See
fig. 13 for typical results of tests made on 29 spot welds
in l-inch-wide, -one-spot, lap-joint test strips of 0.064-
inch .2485-T alc¢lad sheet, In large sheets containing many
welds, the change in indication becomes exceedingly small
and very difficult to detect - experimenta on 1ndustrially
made welds showed this change to be entirely masked by the
inverse effect of the indentation of the sheet by the welder
electrode. (See fig. 14.) The limits of sensitivity of . .
this method, determined by caleulations, and checked by po-
tential measurements in a large scale salt-water model of
the conductor in the weld region, are very low. In practice
it is difficult to realize even a fraction of the theoreti-
cal limlt of . sensitivity._ :

Improvements in this test method were obtained by fol-
lowing the listed nrecautions, and in sddition,by modifying
the electrode assembly to form a Wheatetone bridge circuit
with the weld under one leg of the bridge. (See fig. 15.)
The direct current passes through the sheet from electrode
I, to electrode I;. The weld, if adequately bonded,

lowers the resistance of one leg of the- bridge-e”A potentlal
appears between Py and ° PB due only to the’ effect ‘of the

weld in unbalanclng the current distr;butlon A far greater
percentagsg changa,in inifcation with change in weld size is
obtained than with the unmcdifled “one-side test. Thid test
also discriminated welds with large bonded area from welds
.with small- bonded ered in -single ispot-weld 1- inch test
3strips{ but suffered great doss of sensltivity when applied

to large sheets with many wéfde.

— —ar

The advantage of the;qne-side teet 1ies ‘in the fact
.that :access is required t¢ .only one -side’ of the welded struc-

-rkure.” "Although 90 to 95 percent “of alI epot welds in air-

craft structures are accessible from H6th sides at some -
point in the fabrication process, this would enable the test-
ing of welds even on closed etructures._

The disadvantagee “of the one eide test lie fn ite ‘inher-
.ent errors and in its very low sensitivity. Only small de-
flections can be _obtalned,even with long-period, ‘high-sen-
sftivity ‘galvanometers in the ; potenfial circuit. Togt indi-
cations "&¥6 ‘4ffectdd as much by sheet indentation as by the
presence of weld bonding,  No practical reliable form of %this

test has_been developed as yet,
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3. Lap-joint direct-current teg&fﬁ).- In this test a
direct current is passed through the weld between two current
electrodes, one ¢of which is in contact with the top surface
of the upper sheet directly above the weld, whlle the other
ig in contact with the top surface of the lower sheet ad ja-~
cent to the weld. (See fig. 16.) The major part of the cur-
rent thus passes normally through the faying surface of the
weld under investigation. The potentiel probes are located
at the centers of the cylindrical current electrodes, in one
form of the test assembly. Variations in the area of bond-
ing at the weld introduce variations in the potential érop
near the faylng surface which tend to introduce variatlons
in the total drop between the potential probes. Higher po-
tential drops should occur with weak welds of small bonded
area. - . ol — - S

Precautions to be observed in making this test include
those listed for the two-side direct-current test, except
that the current electrode in contact with the lower shest
must be in a fixed posltion with respect to the weld, as
close as possible to the weld. This electrode should con-
tact only ths lower sheet.,

Inherent errors, similar to those listed for the two-
gide dlrect-current test, exist for this methed. In addl-
tion, much larger errors, due to extended path of current
flow along the lower sheet, regult from variations In geom-
etry of structure, edge eoffects, adjacent welds, and amount
of overlap in the lap joint. ' ' )

The digadvantage of this test is its very low sensitive
ity. The maximum possible variations in the total potential
which could result from varying the geometry of bonding at
the faying surface of the weld are only 5 to 10 percent of
the total potential drop, This 1s not a gufficlent degres
of sensitivity. Uncontrollable variations due to other fac-
tors are of the same order of magnitude. In general the var-~
iations at the faying surface are completely masked, and the
test 1s of no value.

Filigure 17 ghows the gensitivity of the assembly to the
presence of a weld, The assemdbly was moved lengthwise over
the surface of the weld, and readings taken every 1/16 inch.
Comparison of this curve with filigures 10 and 11 for the two-
side test shows clearly how much leps sensitive this assembly
is to the presence of a weld., In the two-slde test the ratio
of potentlal measgurement halfway between welds t¢ potential
measurement directly over the weld 1s about 80 te 1l; whereas
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in this tase the ratie is enly about 1.8 ¢to ), To determine
the ability of the a2ssembly to0 deteet unfused "welds,® tests
vere conducted on a group of welds in which 2 out of every 3
vere not fused. (The welds were purposely made this way.)
The results are tabulated on this page in table I. The same
welds were themn gsubjected to the two-side test and the re-
sults are recorded alongside. It is to be noted that the
readlngs of the one-side test vary only a.small percentage

(6 to 10 percent) between fused and unfused welds (the fused
welds were normalustrangth); whereas the twoe-side test gives
roughly a 10,000 percent variation between these two types

of wéld, It may be reasonably concluded that the lap- joint
test will not even detect with certainty a completely unfused
weld, ~In view of this direct evidence, it was decided use-~
less to conduct tests on welds where the strength variations-
were smaller, On the basis of the above facts, it seems. cer-
tain that this particular one-~-side toest is not useful.

Since, with this apparatus, the weld was isolated as com=’
pletely as is poesitle, other types of assembllies with more
remote electrodes would certalnly not be useful.

T pamiE 2
Elecffical_ Electrical o
Weld indication* indication¥* ~Pull .
One-side test Two-s8ide test i strength
1 12.0 9.2 7o
2 7.0 | 4.0 - -l 7o
; et oer, | res
5 -;_'s_.4_='__ o __:_1_2.’-5 B o
6 "6.4‘ T - 070 '_ ] . 860 X
7 6.6 7.8 " T .0
8. | . 8.8 10,8 "o
e | . was | som T 805
-_;fﬂdiéggiénffﬁ; @_fémpéres befﬂéﬁﬁg:;
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4, One-electrode direct-current tegﬁcﬁ).u In this test,
current passes into the weld region from one electrode (fre-
quently a ring contact), and is collected from the spot-
welded structure at reiote points. Two potential probes (P)
are radially displaced within the current electrode (I}.
(See fig. 18.) Over the center of a uniform sheet, very
little potential difference appea¥sd zcrose the potential
probes when current flows away from the current electrode
gsymmetrically through the sheet. If ciitrent flows into the
lower sheet of a joint through a weld under the electrode
assembly, a larger difference of potential appeare between
the radlelly displaced potential probes. The potential dis-
tribution in the weld region is similar to that obtained
with heat flow from & source in contact with the sheet sur-
face. Development of this type of test has been postponed,
since the variability of the return curfent path makes this
test less reliable than even the lap- joint. direct-ecurrent
test . '

B, Alternating.current conductioa‘teggg(ﬁ).- Each of the
types of tegt described for direct current might conceivadbly
be used with alternating current, provided inductive pickup
could be eliminated from the potential probes and leads, and
a suitable detector for 5 to 50 microvolts alternating current
supplied. Alternating-current galvanometers are t00 insensl-
tive for use as potential indicators; sé vacuum tube emplifi..
ers with stable cslidrations are usually indicated. A direct-
current galvanométer used with a suitable copper-ocxide recti-
fier of very low resistance can alsoc be applied, for larger
potential drops. )

In addition to the precsutionsg listed for direct~current
tests, especial care must be used to avoid inductive pickup
in the potentlal probes and leads. The resistance drop of
potential across the weld is so small that the inductive pick-
up in unshielded potential leads would be several hundred
times larger. ZEven though this induced voltage were 99 per-
cent canceled by a reverse inductive voltage purposely intro-~
duced in the potential eircuit, a large error in indication
would remain., Thig difficulty nullifliesg other apparent ad-
vantages in the use of alternating current.

Inherent errorg, identical with those listed for corre-
sponding directmcurrent tests, exiet with alternating-current
conduction teste. ’ -

Advantages of alt%ernating current over direct current in
conduction tests lie in the eimplicity of high-current power-
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supply transformers and the possibility of instantaneous
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- Dlsedvan%ag due to. inductive pickup and lack of sen-

:h-if n:G..Edd§—cqrrenfT(Induction) Tesgts

Several types of eddybcﬁfrent tests have been proposed,
_,In these tests, alternating magnetic fields are established
‘"1n‘the region of the weld, resulting in.a flow of alternating
electric current through c¢losed paths within the welded
sheets. Since the resistivity differences of the various re-~
gions of sound welds are $0o0 small to serve effectively for
discrimination of weld quality, eddy-current tests, like con-
‘duction teets, must measure the area of bonding at the faying
plane to predict weld strength. This can be achieved only by
a flow of current normsl to the faying surface at the bond

In thin conducting sheets it is very difficult to estab-
lish a slignificant component of current flow normal to the
sheet surface. A variety of induction assemblies have been
tried, even using massive blocks of good conductaor to forge
the magnetic field down into the sheet, with no success-what-
ever 1n establishing a significeant amount of current flow
normal to the faying surface at the bond. Detection devices
producing eddy currents flowing predominantly in planes par-
allel to the sheet surfaces have not been able to differen-
tiate between good and bad spot welds. (See fig. 19.)

Eddy-current teet devices respond sensitively to sheet-
surface geometry, weld c¢racking, and porosity. (See refer-
ence 11.) They are appllicable in detecting these conditions
which may correlate with the’ fatigue strength of the weld,
but which. do not measure static shear strength. No eddy-cur-
rent device proposed 1s known to measure static shear
strength effectively. _ . Tt

PO HE:

Advantages of eddy-current ‘t &gt methdds are: (1) Access
is required to only one side 6¥ the Welded sheet; (2) No
electrical .contact with the sheet surfade is réquired; (3)
Instantansous indicatioﬁs .are possible; "(4) Depth eensltiv-
ity may be adjusted by choide ‘of frequency -t . .

Disadvant ges of eddy_current test metho&e are: (1)"
Difficulty is encountered in establishing-current flow ngor-
mal to the bonded area at the faying surface; (2) Brobde

nt
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assemblies pick up very little energy; {(3) Gracks, porosity,
and gheet indentation tend to affect indications far more
than does the area of bondirng at the faying planse; (4) BEdge
effects and adjacent welds affect.indications; and (5) Bven
if eddy-current flow could be established normal to the fay-
ing plane at the weld bond, no discrimination between cast
alloy bonding and alclad bonding {with only half the strength
of the former) could be obtained U

. 1. Transformer-loading induction tqgt(é) .~ The aimplest
eddy—current induction—test unit consists of a coll carrying
,alternating eurrent placed above the conducting sheet so as

to produce ‘eddy currents which act as a secondary transformer
.doad on the coll. Using cores of powdered iron in wax mold-
ed -about small coils, the investigators have obtained a high-

'fly sengitive system of measuring sheet thickness, surface

indentation, and resistance to the flow of eddy currents flow-~
ing in planes parallel to the sheet surface. No pickup  coils or
. amplifiers are used; instead the coil and a sultable condenser
are made parts of a series resonant.arm of an alternating-
current bridge, the flow of eddy currents in the sheet bYelng
refleocted in the coil by increased primary coil current. .
{see fig. 20.) The change in inductance due to the secondary
currents detunes the resonant circuit, and for a ccil Q¥ as
low as 20, a 300-percent change in voltage across the con-
denser occurs when the unit is.lifted from the surface of the
conduvéting dheet . ~-A 2spércé&nt 'shange in the-thickpess of an
0.080-1inch sheet can be readily detected, without the bdridge
circuit, by measuring changes in voltage across the condenser
with 2 vacuum tube voltmeter (l-percent changes are observa-
ble with the bridge circuit aasembly) .

The lecaticn of the eddyacurrent path in the conducting
sheet can be controlled by the use of a conceatric pole
assenbly which can be easily formed to any desired shape us-
ing the powdered” iron in wax. A few of the more useful con-
figuratlions are shown in figure 21. The depth of penetration
of the eddy currents may be decreased by increasing the ap-
plied frequency A quitck check on eddy-current penetration
may be obtained by bringing a massive block of conductor into
contact with the sheet surface opposite the coil, and .cbserv-
ing the highest frequency at which it affectsg the indication.

¥*Q 1s the ratio of stored esnergy to diseipated energy
in the coil, and is givern by Q = WL 7 where W = 2w
times the frequency, I is the inductance, and R 1is the
effective resistance of the coil, '
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Ne arrangemant of pole pieces has. yet been devised to

- force. sizudle compvnents of the eddy currents to flow,nor-
mal-to the sheet surfate at the ‘weld. Ehe flow of eddy -eur-
“Fents. in: ghall: eircular paths in. the plane of the sheets has
proved very effective in detecting we;@ cracking and porosity,
Such weld cracks’ are usually raiiel cracks, normal to the:
sheet. eurface, extending outwerd from the.center; of the: weld
- wrgget, end so lie directly BAcFoss the path of the circular
currents. (Seep ,figs. 6 and 20, ) .The indication measures the
o¥er-411: extent’ of’ crécking’ and porosity,. without measuring
~the geometry of 1ndividual cracks.y_ v -

: This deV1ce s aleo sensitive to the air gap between
“the- pole ‘pieddsand thé sheqt surface Phus;it respeonds to
.indentation of the sheet by’ the electrodes of the welder, -
-ang actually Ba:*appeared 5o dlscrimlnate between good ‘and
bad welds through the measdrement of the 1ncreased In&enta-
tion whieh tends ‘to accdmpeny 1nrger weld nuggets.‘

L one W

'Precautione to Yo' observeq in using the transformer—eddy_
current assémbly ara"(l) Frequency mu st be selescted to ob-
tain eddy-current penetratian adequets ‘For senslitivity to -
weld properties; (2) The air gap between pole pieces and
sheet surface must be maintained constant; (3) Borrections
- must be made ‘for changes in sheet thickness, materiaI‘ and
temperi :and (4) It must be reco; nizei that current flow is:
predominantly in’ the plene oﬂ. t e .sheet and that the teatb.
does. not measure etatié sﬁear strength -of spot welds, aince

rits lndications are independent of the:bond hetween thesheet&

- - . 3 -

Pnherent drrors in® this test methcg are (l) its inab;ln
ity tc -8iscriminaté between- porosity or, small cracks. -and.
certaln larger crack defects, or local changes in the reeis-
tivity of the material . -

e me T e
T - - - -
— et 2L . - RSN SR,

Imprcvements in thie test method were thained by using
low 1dse powdered iron in a highly insulating wax, and .oper-
ating at-the highest frequency congistent with ,adequate Pen-
etration of eddy carrernts into the sheet under test.¥*' A&.:
“high coil *"Q¥ was thus obtained, resulting in a sharp, Bigh
resonant peak in the 1ow_resistance circuit By .operating on
the.stéap slope of the resonance ;ocurve. ffig. 22).ma2£mﬁm sen—
51tivity to sheet-registivity conditions is ohtainedf By

. . *Frequencieé“cf 2i000 tg 30;000 cycles were iound useful
. with ,sheet .thickné§Ees varying from .0.181 ‘inech %0..0; 016 .inech.
Example: For Q. .0644#ck sheet, ‘L =" 34 miililenries, . ,-;
C's Q.€085 uf,. £ :=:17,Q00 gaﬁe ‘& change from 34 ko L0Q volts
across condensen wEs# coil assenbly was 1ifted off sheet.
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ineluding the coil or capaclty in one leg of an alternating-
current bridge, the indicator may be set ¢to zero when the -

-eo0il. 1s in position above normal sound sheet material, and

Ty

vary its indication only when the coll 1g over cracks and

*unsound sheet material. By using concentric poles, the eddy-

durrent path may be conflned to a narrow ring, eliminating
effects of adjacent edges. holes. and welds not under test.
Advantages of this teat method are: (1) Access is re-~
quired to only one. side of the sheet; (2) o sheet prepara-
tion or cleaning: is required, and no electrical contacts are
made with the sheet; (3) Measurements may be made through
Paint or Iinsulating coatings without damage or puncture; (4)
¥o probes or low-snergy indicating circuits are used - hence

r

‘no difficulties due to contsact resigtance, thermal electfo-

motive forces, inductive pickup, high-gain amplifiers or

"gensitive meters are encountered; (5} wide flexibilisy, due

to'choice of fregquency, geometry of pole assembly, and sharp-

ness of tuning, can be obtalned in applications; (6) The eddy- -

current pam;ern '.LB ideail IQI‘ the QG'GBC'G:LOIJ. DI I'aﬂ.lB..L cracks

in spot welds; and (7) The device serves effectively as &

thickness or alloy detectar for conducting aheets.' S
Disaﬁvantages of this method are: (l) iny eddy currents

flowling 1in planes parallel te the sheet .surfaced can be sstab-

lished readily; 'so bonding at the faying surface -is not meas-

ured (thus spot-weld static shear strength cannot be meas-

ured); (2) Variations in the air gap between pole pieces and

"“‘sheet surfage have a large effect upon indilcationms; (3) In-

dentations and variations in sheet thickness affect indica-
tions; (4) The exact geometry of cracka and porous defects
cannot be determined.

2. Transformer-loading induction test modiried for ;,R
jofntsC. ~ A modification of the simple transformer-loading
test makes possible the induction 6f 'eddy currbnts which flow
normally through the weld bond at the faying surface, 1f a
return path can be provided. An éXciting coil with concen~
tric cores is deslgped to fit over the-lap Joint, as shown in

fizgure 23. Fraquency is ad justed so that eddy currents are
‘not induced in significant amounts at a depth greater than

1~ sheet thickness. If the exciting coil is placed on the -
lap Jjoint ‘betwéen two spot welds, the eddy currents flowing
beneath the turng of the exciting coil (between the inner and
outer magnetic poles) tand to follow a path through the wupper .
sheet, down through ond wéld to the lower sheet, and r eturn
through the second weld. Small bBonded areas at the welds

tend to introduce resistance into the eddy-current path;
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while wlth no¢ conducting bond at the welds, a very high re-
asistance i1s introduced. These conditlons are reflected in

the regonant primary circuit end indicated by & vacuum tube
voltmeter

Inherent errors in this test method make it practically
worthless for spot- weld inspections. These errors include
7(1) all.the inherent errors listed for the two-side direct-
current test; (2) large errors due to edge effects, holes,
rivets, and the irregular spacing between adjacent spot
" welds; "(3) an error due to variations in overlap and in the
distance of the weld from the lap edge of the sheet; (4)

~ . 8rrors resulting from effects of welds in the return path

(at . least two welds affect each indication)., The location
of the spot welds with reepect to the lap Jjoint has a greater
effect upon indications than does weld size or quality.

3 Pickup_coil eddv—current testsd - In these tests,
-eddy currents ‘8re induced in the sheets under test by cur-
rents in execiting colls, and varistions in the eddy-current
pattern are detected by sensitive plckup colls connected
" ‘through high-gain amplifiers to suitsble indicators. (Ses
reference 12. In many designs, the pickup coils measure
only the departure of the eddy-current pattern from the pat-
tern 'in a uniform’ sheet . Several typical pickup units are
shown in figure 24, i

Pickup unit Ad hes an exciting coil and concentric polee

similar to those described for the transformer induction tesk,
In addition, however, a sensitive magnetic pickup system: 1s
symmetrically 1ocated within the center leg of the core"’ The
two poles of the pickup are slightly displaced from each’
other, The pickup c011hi§ shielded from the magnetic field
of the exciting coill. "With the normal circular flow of eddy
currents estadlished im sound continuoue conducting shéet by
the exciting coil, no magnetic flux variatione ccecur in the
core of the pickup coll. When the.coil is placed over_a
crack or discontinuity, however, the modified eddy-current
pattern produces an alternating magnetic field through the
pickup coil, (See fig. 25. )

. Pickup unit B° was specifical}y designed in the Naval
Research’ Laboratory for use in testing spot welds, with the
hope that a sizable component of eddy-current flow might be
established across the faying surface into the lower sheet
at the weld, ptoducing an unbalance current in the pickup.
The frame on.which the ¢oills arg¢ wound is made of transformer

lamihations, Thé magnetic fisld of the exciting coils is




30 NACA TN No. 945

'additife_so'that-the outer pole faces are of opposite mag-

netic polarity. An exciting frequency of 1000 cycles was

‘used. Ahalysis of eddy-current patterns shows that 1if the

weld is cracked or porous, or if eddy currents do flow below

.the faying plane through the weld bond,a pickup due to un-

-

r’balance will result if the weld is unsymmetrically located

with respect to the center pole on which the pickup coil is
locatéd Scanning is- required to obtain maximum information
boncernipg a weld

Haval Eesearch Laboratory tests of this unit iniicatad

1. This eddy-current method is not satisfactory for the

detection of the quality of fusion between the two welded

sheets.

. 2. The effect of poroelty or cracks on.the detector was
such as to overshadow ell other effects. This makes possi-
ble the detesctlon of cracks or porosity with little d4iffi-
culty S -7 . ) " :

Teste at the Californias Institute of Technology on sim-
ilar units confirm these results. }

Plgggu unit ¢f was dealgned at the Lockheed Alrcraft
Corporation for use in testing spot welds. Large blocks of
copper conductor were employsed to force the magnetic field
of the exciting ceills into the welded sheet. Desplte sever-
al modifications, the difficulty 1in establishing a sufificlent

‘eddy-current flow normal to the faying rlane at the weld .pre-

vented successful mqasurament of the area of fuslion at the
weld. . . R

In genseral, research has shown the pickup coil eddy-cur.
rent tests to be subject to the limitations and inherent er-
rors previously listed for eddy_current tests. .No succesaful
method has been: deviged for measuring the bonded, area ab the
faying plane through the use of. eddy curronts.

LT e

D Thermal Test Methods

-'Thsrmal test methcds involve the fiow of heat" through
the' weld region and-the measurement of. resultant temperaturea
or temperaturs g"adients - The. p;esence of the weld. modifles

-the heat—flpw pattern in.an unwelded sheet.

1. Qeometrlpally,;singe heat t&nds to flow normally
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across the faying plane through the weld to the opposite
sheet and 80 possibly measures weld-nugget diameter; and
——;—2 @hrough its variable heat conductivity (1f differ-
ences in conductivity do exist in various regions of the
weld) and the presence of cracks and porosity. Heat capac-
ity of the region under test affects the transient tempera-
_Ature response only. . _
Advantages.- Heat- flow methods are readily adaptable to
one-side testing, as ‘well ag to two~glde testlng. No return
paths aré necessary. Heat flow may measure total weld diam-
eter at faying surface. _
-~Disadvantages.~ Oting to heat-capacity effects, heat-flow
methods cannot be instantaneocus and usually are slow testsa.
"Ambient ftemperature, surface thermal contact resistance, size

"+ of parte welded, original temperature of work, presence of

cracks, nature of heating and method ¢f temperature measure-
ment - all change resultant temperatures and tend to invali-
date readings. Thermocouples to measure temperature have
"small energy ocutput, give slow reasdings and require sensitive
indieators. Although heat-flow indications respond to weld
cracking and porosity, they do not differentiate sufficiently
between the casgt-~alloy nugget and the parent metal 16 measure
nugget geometry., Also, heat-flow tests fail to differentiate
between cast-alloy bonding and alclad bonding at the faying
surface; so the statie shear strength of welds is not accu-
rately measured.

1. Heat-reservoir thermal test®.- A copper heat reser-
voir (similar to & massive soldering iron) with two contact
lugs carrying imbedded thermocouples (fig. 25) is heated to
2 temperature considerably above that of the weld to be tes-
"ted. One lug is placed in contact with the sheet surface
above the weld, and heat flows into the weld region by con-
duction., If a weld is present, heat flows through the bonded
area of the faying plane toc the lower sheet, and the total
rate of heat flow from the reservoir. is greater than when the
weld is absent, for in the latter case only the upper sheet
conducts heat away from the resservoir, The drop in tempera-
ture recorded by the thermocouple imbedded in the Iug in con-
tact with the sheet is a measure of ‘the rate of heat flow
from the reservoir to the sheet. The thermocouple imbedded
in the second lug through which no heat flows measures the
temperature of the regervoir, A sensitive galvanometer is
enployed to measure the differential oubput of the thermo-
couples. :
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Precautions to be observed in making this test are:

1. The heat- gsource lug must be accurately located above
the weld, and must make contact with the same sheet area on
eadh weld tested. (Varlation in the shape of the electrode
indentation makes this very difficult in practice.)

2. The sheets to be tested should not vary widely in
temperature and should preferably bhe at amblent temperature.

3. The amblent air must be still - a slight draft
changes indicatlons far more than the presence of a weld.

Inherent errors in this test methoi, 1dontical with
those listed for the two-.side direct-.current test, exist,

1. In addition, a very large error results from varia-
tions in the thermal contact resistance at the sheet surface
where heat is being introducéd, due both to changes in con—
tact -area and to surface films of variable nature :

2. Changes 'in ambient temperature or-alr velocity, and
in material temperature, affect indicatlons greatlyﬂ

3. PrOgr9531ve heating of the work as successive welds
are tested changes. indications, even .on identical wq}&s}

&, The greeence,of adjacent welds, rivets, edges, masees
of metal, holeg in the sheet, "spit" or expulslon of metal
from the weld region - all reeult in erroneous indications.

Improvements on this,test method were obtained by fol-
lowing the llisted precautions, by insulating thie heat teser-
volr ard lugs from the amhient alr, by cleaning the eheets
and lugs and removing oxide before each test, - by holdzng the
unit on the sheet surface under controlled pressure a fixed.
period of time, and by working in a 'small cloaed room with
work at room temperature. This latter ‘item required a’ delay
between weld measurements, the time being used for cooling
and oleaning ‘the sheet over the next weld with acetone.

Advantages of the heat- reservoir thermal test ar

- (a) Access is required to only one side of the workj ?b) The
heater -and temperature 4ndicator pay be in a single unit re-
quiring only one appligation; and (c) Yo marking of or damage
te welds regults.. - et . i

-:Disadvantaces of this éeeﬁhinclude: (a) ite iﬁhefené
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errors, (b) ite sensitivity to ambient-alr conditions, (c)

. the difficulty of obtaining uniform thermael contact with the
sheet surface, ané (d) its inability to 1ndicate weld static
shear strength

2. nguction hegting tests(é) ~ In these tests heat 1is

.'supplied rapidly to a small area of the alclad sheet directly

above the weld, at a measured rat'e or in fixed amount, by
.modified industrial induction surface. hardening equipment.
- The frequency 1s chosen sufficiently high to limit the pene-
tration of. the heat-producing eddy currents to & thin layer
2t the sheet surface. Thus thermal contact resistances be-
tween heat source and sheet are eliminated as variables, and
the rate and amount of heat production are controlled. When
a large area of weld bonding is present,a large fraction of
the generated heat flows normally across the faying plane
into the lower sheet. With no weld bonding, all the heat

must flow a2awav 1in the unner sheet © (Ses fice o ) Thura the
ust Ilow away 1ln the upper siaeet. \oee 1.g. of. the

heat flow i8 sensitive to the area of bonding.

., For one-side testing, the temperature indicator must lie
under the induction heateér on the same surface of the work -
hence must not be affected by the high-frequency field. Only
a carefully ghielded thermccouple would be suitable. However,
-by closing the thermocouple cirecuit to ite indicating galva—
nometer only after the high-frequency field i's turned off,
the cooling transient of the sheet surface may be recorded
provided the galvanometer responds with sufficient rapidity.
Some success has been attained by the use of a thin layer of
wax¥ or thermoplastic in the sheet surface, by observing the
diameter of the softbned, helted area which results when the
controlled quantity of heat is generated above the weld.

< For' two-side testing, the inalcator ig placed on the
side of the work opposite the weld 'where it is not affected
by the high-fréequency-field: 1In thie case, the heat which
reaches the temperature indlecatoer- must flow through the weld
at the faying plane. The entire heating and gcogllng transient
.for the ‘controlled heat generation cycle can be observed -
‘with greéat sensitivity to the size of the bonded area.  Boeth
thermocouplé snd wax-film indicatérs have proved to be effec-
tive.

*Suitable calibrate& wax temperature indicators are com-
mercially available from the Fishen,Sozentiiic Co., .-
Pittsburgh, Penna., in the form of Tempilstiks and Tempil
Pellets. o e S TR S o

oot L .r
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The most convenient form of thermocouple indicator devel-
oped for thie purpose consists of a low-thermal.c¢apacity ther-
mocouple supported agalnst the sheet surface by a small rubber
suction cup. The inner surface of the cup is coated with &
heat-reflecting surface thermally insulated from the rubbdber,
.and. the suction cup excludea the ambient air ~ hence &espite
sheet- surface condition, the thermocouple follows the sheet
‘temperature closely. The second junction is similarly at-
tached ‘t.0- the :shaet at a remote point, so that only tempera-
..bure differencegs. . due to the heating of the weld region are
measiyred;  -Both junctione are guickly and easily attached to
-any-.polnt  of the sheet surface by means of the suction cups,
and may be pulled off and moved at will,

The laboratory wax-film indicator consists of a thin
layer of parawax or thermoplastlic material placed on the sheet
surface. When cool and hard, a dry, colored powder or dye is
sprinkled over the wax. When heat generated in the opposite
sheet at the weld flows through ihe weld in sufficient guan-
"$i%y, the wax above the bonded area melts, and in this region
the powder hecomes imbedded. A complete joint may be tested
at one time, and a permanent record obtained by subsequently
placing a strip of Scotch tape over the line of welds. The
tape picks up the powder over all areas except where the wax
has melted and imbedded the powder. ¥or practical use
HTemplestiks" may be used as temperature indicators. Large
welds, small welds, and no bond whatever are readily discrim-
inated from one another by the extent of meliting of the wax.

Precautlions t¢ be observed in using the induction test

are:

1. The induction heating unit must be accurately located
above the weld. The temperature irndicator must be equally
accurately located, as the temperature gradient in the plane
of the sheet is quite large.

2. The rate and amount- of.heat generation must be pre-
cisely controlled by synchronous or electronic timing units,
if bonded area is to be determined accurately from tempera-
ture indications.

3.-Ambiént air should be quiescent. No condensed mois-
ture should be present on the structure. "All parte of the
Joint should be approximately at room temperature.

Inherent errors in thie test methed are similar to those
listed for the heat-reservoir test, save that errors due to
contact reslgtance are eliminated.
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Advantages of the induction- heating method are: (a) The
test may be made with access t0 either one or both surfaces
of the work; (b) The ‘wethod measures total ‘bonded area relia-
bly, and permdnent records can be ‘easily produced; and (e)
Gontact thermal resistances are eliminatea .as varlables.

R T -

Disadvantages .are: (a) ?initc heatlng tlmes (a few sec-
onds) are required; (b) Careful positioning and control of
ambient ceonditions.is necessary; (e) Spot-weld shear. strength
is not measured reliably: and (d)-Adjacent welds, edges,
holes, gnd” masses of metal introduce large .errors,

3. Radiant heatingﬁtestscﬁ) - In these thermal tests,
heat is supplied to the surface -of the welded sheet by radia-
tion, ag from'a concentrated heet lamp and focusing systen.
The sheet surface must be cleaned or painted to obtain.uni-
form heat absorption over the test area. Thermocouples may
be used on the one=side test if shielded from direct radia-
tion, without internal heating effects present with-induection
heating methods. The method is slow and is subject to the
previously listed errors of thermal tests, Temperaturse indi-
cations are obtained as in the induction heating test, when .
thé indicator is on the obnosite side of the weld from the
radiant heat source.

, 4. Contact~dirop. heating‘test(ﬁ).- One conditicn has been
foeund in which electric current flowing from pointed elsc-
trodes into alclad sheet produces a2 contact drop of potential
approximately constant at about 0.2 volt for currents from
20 to 90 amperes direct current, releasing considerable heat
at the podint of contact. This is equivalent to a polnt ‘source
of heat, and the rate of temperature rise peT watt of energy
input would be affected by weld presence. This method is es~
pecially suitable for use with -wax-temperature indicators, -
either in one—or two- side test although thermocouples may be
used - .

5 Qitferential heating tests(ﬁ) - In metheds 2, 3, and
4, effegts of weld’ presence ecould be lnecreased, and the ef-
fects of .variable ambient conditions reduced by the heating
of two areas; one over the weld and one not over the weld,
under identical conditioens, dnd measuring the- differential
temperature -of the two reglons . by a thermocouple system. 3Be-
cause of the-duplication of heating equipment required, this
modification has.not ‘been investigated in this res&anah.

.-
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E, Sonic and Vibration Tests

Baoanic and vidbration tests are usually of three basic
forms: measurements of vibration damping; measurements of
wave reflectlions; measurements of the natural frequencies of
osclllations. Each type has been proposed for the nendestruc-
tive testing of spobt welds in aluminum alloy sheets.

Sonic and vibration tegts, by their very nature, are
more easily applied to pieces of fixed sigze and shape, to de-
tect material properties and defects, than to structures of
irregular and variable shape.  Spotuwelded structures offer a
less promising fleld of application because of their complex
shapes, which affect test indications consideradbly. Hence
care must be taken to avecid the development of test procedures
which cannot be reduced to practicel forme applicable to spot
welds,

1. Vibration damping tests.- One form of vibration or
damping test proposed for spot~weld testing employs a driver
to establish oscillations of ad justable freguency in. the weld
region and a detector to measure the resultant amplitude.
FPor sonic and lower frequencies, a coupled electromegnetic-
mechanical transducer (similar to¢ the driving units of loud
speakers) is employed as driver, while for supersonic,
magneto-striction or quartz crystals are used,* Power is
supplied from variable frequency oscillators to these driving
units, Detectors for measuring the resultant vibration em-
plitude usually consist of & plego-electric pickup or other
microphonic device, connected through suitadle vacuum “$ube
amplifiera to 1ndicating instrumants (see fig. 28 )

The damping can be determined for a system of any shape,
provided it &an vibrate. In one method of measurement, con-

.stant energy is supplied the driver at varying fraquency. to

obtaln in .the detector a resonance curve (fig. 29) showing
the amplitude of “vibration as frequency is varled through one
of the natural freéquencies of ‘the system, Theory indicates
that the mechanicsl damping of -resonance curvesd can be read-
1ly determined from theix breadth .If Af represents the
breadth of the resonance curve at healf the maximum_amplitude,
then the damping § 1s given by

*Hagneto-striction generators are uneaful from ahout
8,000 to 50,000 cycles, and guarts erystal generators are
useful at higher frequencles.
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= .. 8.=1.814 -—ﬁ

- " fres

.. - = .l

-where the resonanﬁ frequency fres and ‘the frequency differ-

ence of the half amplitude points, Af%, are measured in
¢cycles or vibrations per second, CT

A second method of.measuring damplng requires that os-
cillations be established, then be gllowed to die out by dis-
connecting the driver. _If the amplitude:of successive vibra-
tions are observed by the use of a cathode ray oscillograph

. or_equivalent, the damping may be determined as

§ = 1lng a ..
: An+s o

where Ap and Ap;y are two consecutive amplitudes of, the
free vibration. Where the fregueney i1s too high or toco small
to make possible this measurement, the damping mey be deter—
mined from the time required for the amplitude of the reso=
nant osclllation to fall to one~half its original value, by
the relation

0.693 .

—--- _————— _._"'___" = s = . -_-‘.. ..-_.
vy fresi o -

"This time ty, ‘or evén the product t} freg, mey be deter-

mined directly by the use of electron tube indicators, even
with very high frequency osclllations, (See reference 13.)

In bare of fixed geometry, faults of any kind In the ma-
terial combine to raise the damping, so that cavities, cracks,
and poroslty are easily detérmined. In spot welds, large
.differences of geometry may exist;-in addition to possible
" eracks or porosity, &nd east and. wrought alloy, as well as
pure aluminum cladding, are present simultaneously. The soft
,nugget material tends to increase damping, and a change in
'nugget voiume could not be differentiated in tests from the
introduction °f cracking. {Preltiminary ftests showed damping
indications to depend upon- too many- weld properties to serve
as & reliable indicator of. spot-weld properties. TFurther de-
velopment "T'the method was. pcstponed while simpler test

o

methods were exploited ;'3. . e R

— s

2. Waze-reflection tggts(i) - It has been pr0posei that
the area of bonding of 'spot’welds.-might be measured by
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supersonic waves, which would ‘feflect from the fayling surface
¢f unbonded regions, but would pass through the faying sur-
face at the weld bond. TFor one—side test methods, the pres-
"trnce of bondlng might be detected ‘through-(a) the frequency
at which standing waves (hqlf—wave resonance) could be estab-
lished between the- osc1ilator and reflecting surface, .or (b)
the time reguired for a wave traln to pass from the sender to
the reflecting surface and return, (See_ fig, 30.)

A fine developméent of supersonic'festing'equipment has
been carried out by Professor F, A, Firestone of the
University of Michiggn His aquipment produces three wave
types -~ longitudinal, shear, and surface - and provides sult-
able detection and recording equipment., Using hie Supersonic
Reflectoscope, Professor Firestone has distinguished a spat
which i1s welded from one which is not bonded as follows
(quoted from a letter from Professor Firestone).

"A wave train of longitudinal waves is sent in at the
upper face of the weld. The weld assemdly is so thin that
the first reflection from the other side of it cannot be dis-
tinguished, but the waves reverberate back and forth through
"the thicknese of the weld assemblyiwhile the total distance
of their travel back and forth may be several inches. Thelr
successive lmplngement on the crystal generates a voltage
which can be observed on the reflectoscope screen several
inches after the sending out ¢f the wave train. If, now,
one holds hig oily finger against the bottom face of the
weld, these successive reflections will be damped out, there-
by proving that the waves are really passing through to the
bottom face and_that_the;elis, thérefore, a weld.

L. #If there is no weld, a. aimilar series of successive
.reflections is obgerved, bhut’ upop touching the oilly finger
to the bottom face of the weld .there 1s no change in the ap~
pearanca of the reflectogram, thereby proving that the waves
are not entering the lower plate, Thus far, the method is
not quantitative, but merely all or nche. S

" . ..POne can imagine 1mprpvements in the method as, the Te-
‘sulb. of research which wonld improve its usefulness.’ Thé
above—mentioned tests were mg¢a wzth 5- megatycle, longitudinal
waves,nﬁut we have produced as bigh as 20 megacycles and” we
have also’ produced shear waves which travel half as fast ‘as
lonzitudinel’ waves so that thi’s. represents a factor of” 8 re-
duction in wave length With these shorter wave lttgﬁhs it
might be poysible to,actually explore over the surface of the

'weld and thereby determine the'acttal welded areas. T}ig
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-would be parfticularly feasible on the heavier _gageswn: where the
weld is comparatlvely large. =~ | - ol

Saim mgem masd o oo --2 _____ -

“One can imagine sending comparatively powerful continu-
ous waves through the weld and have the back side cocated with
something like parafffn which _would be melted in those areas
where the wave energy was being received and would thereby
outline _the welded area.”

‘YWe. have used longitudinal or shear waves for the accu-
rate measurement of the thickness of a2 sheet when one side
is inacceesible,using the general method of establishing a
half-wave resonance through the thickness of the plate and
then determining the freguency. This method might be applied
to weld testing since, if there 1is no weld under the area
being tested, the thickness thus indicated would be approxi-
mately that of one sheet, while.if the weld exists the thick-
ness is approximately that of two sheets. - -

"We can also produce surface waves which ran over the
"-surface of & metal part in much the same way that water waves
travel, Surface waves could be gsent along the lower face of
the upper plate and reflection obtained from the closest polnt
in the weld even though that might be in the cladding.

Preeent indicaticne are that detection of the aresa of
bonding of a spot weld at the faying surface might thus be
‘feasible by supersonic testing, but the ability of supersoniec
tests to discriminate between cast-alloy bonding and alclad
bonding has not yet been demonetrated. - Likewise, there would
probably be somé difficulty in detecting weld nugget geometiry
by wave-reflection methods. ' Hence, for the inspection .of
spot welds, supersonic-reflection test indications seem to de
limited %0 measurements of the total bonded area at the fay-
ing surface.: The two-side electrical test makes this measure-
ment with simple teeting equipment, and since this measurement
alone is not a reliable indication of spot-weld strength, no
elaborate development of supersonic test equipment has been
jncluded in this research program. .

Nugget eecillation testg.- Aesuming an ideal homoge~

neous weld nugget of flattened sphercidal shape, enclosed
-within a homogenous mass of harder, tempered parent metal
with physical properties different from those of the weld
nugget, the frequency of natursl oscillatlone of the weld
"nugget may be calculated. It hes been proposed to execlte
such nugget oscillations by - -méans of & quartz crystal coupled
to the sheet surface, as by an’'oil drop, and after a fixed
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excitation period "to use, the 'same grystal as 'a detector ta

between natural frequency and nugget slze, and between damp-
ing and ductility, cracking, ‘and porosity have ‘been predicted.

‘This test has not seemedxsufficient&y feasible to jueti—
Ty development ) Weld ;nugget s are 10f very irregular ‘shape
and have internal inhomogeneities and defects. Weld nugget-
volume does not measure weld strength precisely. The differ-
ence between nugget and parent metzl properties is not suf-

% ficient to provide an effective discontinuity to the  flow of

vibration energy. The natuyral frequency of nugget: oscilla-
tions would be extremely high. Effects af adjacent material
and sheet geometry might affect test indlcations excessively.
Simpler test methods offer -more promise.

4, Ultra-sonic wave:pattern tegg(ﬁ) - This teest differs
from those preyiously outlined -in the methdéd of application
of -the energy source and in the method of pickup. A moder-
~ately high ultrasoniec frequency has.bseén used Gabout 1,000,000

vibrations per second) .o . obtalin-high resolving power by the -
sound waves., The: sound is trensmitteéd from an ultrasonic

* generator to 'the shest, surface below:a spot weld by an anvil
and.the vibrations travel~through the weld to the upper sheet
surface. If o0il or .other :liquids are 'placed thereon, radial
.circles centered over the weld will .be observed, . These ars
standing wave patterns the configuretions of whioh may 1indil-
cate the bonded area of the wsld. By~ the- eubstitution of a
material such as colledian for the indicating «il, & perma-
nent rebtord. of the weld hae been obteined..  The resnlte 80
far obtained or this test ares.not: conc1u91ve but” the method
shows promiss and should receive further coneideratiOn and
investigation. & ; . SRR LN :

Advantages.?,Tha weld geometry probably’ tah.be deter-
mined from this test, through the-analysis-of the wiva:
patte*ng produced. vaiously if little df ne: mechanical
coupling exists betweqn the upper and the- lower sheets. at the
weld, bonding at :the faying plane is lacking and reéulting
patterns differ from those denoting satisfactery bonding
conditiong,_. EvoT L T : ."—*‘r - _

Disadvant g g 0f this test method are: (1) The equipment
necessary to provide the test is rather elaboerate, and in-
cludes an oscillator capsble of supplying about 1 kilowatt of
radio-frequency power to the ultrasonic generator, which 1in
turn has auxiliary equipment necessary for continuvous opera-
tion. This auxiliary equipment 1s somewhat compensated for
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by the stable and reliadle operatliopn secured. (2) Training
1e rsguired for one unskilled in this method of testing reli-
ably-to interpret patterne in terms of weld quality. (3)
-;_Errors may result from possible dispersion effects and varia-
tion in treatment and/or composition of material to be exam-
e*»iped (4) The coupling anvil should be properly centered on
the. bottomr indentation to securs: uniform mechanical coupling,
—».8nd: anvil. contours should fit those of the weld 1ndentation.

b e o I L S e
¢£—éaa =F Sheat—Surfage and Haterial—Property Tests"

=== === F === T e me

It has been suggested that spot-weld properties might be
correlated with conditions measured at or near the sheet sur-
face above the weld. Properties included are: sheet surface-
indentation by welder electrodes, measurement of surface
marks or conditlon, thickness of aleclad layer, btoughness,

. duetility, elasticity, impact resistance, scrateh or tear re-
.sistance, and metallurgical structure at various depths from
the shest surface at the weld

1. Welder-alectrode indentation tests(ﬁ) - lnigntation
of the surface of the aleclad sheet by the welder electrode is
a function of electrode size and shape, weld current and tem-
perature transients, pressure program, and sheet properties.
With reasonable control of current-wave shape and electrode.
tip contour, and precise control of timing and amplitude of

" the tip pressure, the sheet indentation will correlate well
with weld-nugget size. The large? the volume of melted alloy,
the grester the indentation caused by the tips, provided the
pressure program is precisely controlled and sufficient hold-
down pressure is exerted to prevent expuleion of metal at the
faying plane.

-~ -The shest indentation may most easily be measured through
the use of a sensitive dial gage graduvated in 0.0001- inch
units, provided with a suitable collar to rest on the sheet
surface just outside the indentaetion. Bddy-currént or elec-
trical-capacltance gages may be employed, ahd provided with
permanent record devices if desired.

Inherent errors in this test method result from normal
production conditions, tc an extent sufficient t¢ ianvalidate
the test. Large changes in electrode shape and contour pro-
duce correspondingly large changes in indentation, although
the effect of repeated tip ¢leaning in a few hours'run on
one seét of tips 1is not extensive. Changes in tip pressure,
or in forge preesure time delay, change indentation greatly.
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The &ase With which tip pressure and contour may be changed
in production welding would prevent this test fbom attaining
reliability.

i Ag control of welding conditions improves, tip shape
Cand pressure program will be more precisely controlled, in
which casgse the validity of the tip indentation fest will ima
"prove. (See fig. 31 for results of indentation measurements
on induetrially made welds,)

2, Sheet- surface property tegsts.~ No measurements of
physlcal properties of the sheet-surface layers have shown
any correlation with weld slze or gquality. Marking or thick-
ness of the alclad layer has no significance whatever. The
structurse a2nd metallurgical properties of the 245-T alloy sare
very little affected except in the weld nugget and narrow
ad jacenv veglons where inciplent melting along grain bounda-
ries and intruasion: of eutectic occur. ~Only measurements of
provertles in and ‘adjscent to:-the weld nugget correlmate wlth
weld strength and juallty. Superficial surface tests measure
nothing signriticant except when the weld nuggets penetrate to
the sheet surfece (excessive penetration).

G. Impressor or Penetrator Tests

In these tests a loaded penetrator or group of penetra-
tors is forced into the welded sheet above and/or below the
spot weld ftc¢ such a distance that properties and extent of
the softsned caszt allo¥y 0f the weld nugget, rather than of
the tempered parent metal, determi&g the depth of penetration,
Any othexr Lype:.of- panetldtcr or haxdness test has 1little slg-
nificance. 1t has bteen found that the tempered parent metal
ie reasonably homogeieous except in 2 narrow zone adjacent to
the: weld nugget whe.e ingipient melting and intrusion of
eutectic occcur alang gﬁan boundar¢as, while on the other
hand the entire volure of the weld nuggat has been very ap-
prezlably softerded. Hence pensturator tests measure weld-
nugzet gsametry. By profiling the .weld region wilith suitable
penetrators, the shape of the weld nugget can be mapped
quite accurately. :

Although properly apvlied penetrator tests can measgure
weld-nugget geometry reliably, it must be noted that measure-
ments from the outer surface of the welded sheet measure only
the gecmetry of the outer boundary of the nugget in the sheet
under. test. The nature of the bond at the faying surface,
particularly where excessive alclad inclusions exist, 1ls not
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meagured in this test. The geometry of the nugget in the op-
pogffe sheet 1s not determined by penetrator tests on only
one side of the weld.

‘Inherent errors in penetrator tests result from (1) in-
homogenéities in the composition and heat treatment of the
parent sheet, (2) variations in the thickness of the cladding
layer of pure sluminum,(3) insensitiveness with weld nuggets
. of, low .bénetration because o6f the thick layer of pareant metal

Lthrough which the penefratlon test mugt measure anugget geom-
etry.

) Advantages of properly conducted penetrator tests are:
'(l) The method 1s feasible for either one-or two-side testing;
(2)"Bhe test actually measures hugget geometry (nugget diam-
eter 1ls the single weld parameter which correlates reliably
with the statlic shesar strength of spot welds) (3) Indications
are nearly instantaneous. . - - e

Disadvantages of penetrator tests are: (1) The test be-
comes insensitive with thin nuggets; (2) Gonditions at the fay-

".ing plane are not measured.

1, One-side, one-point penetrator test#.- In this test,
a single penetrator 1s foreced into the sheet surface above

the center of a spot weld, in a. manner seimilar to ordinary
hardness testing, but applied in thie case to a nonhomogene-
cus structure. The change in penetration between the appli-
cation of a pre+lvad (sufficient to force the penetrator
through local surface regions) and appligation of full load
(sufficient to force the penetrator into e region where the
weld nugget affects penetration) is measured by a sensitive
dial gage. The one-point measurement tends to measure anugget
penetration at the center of .the weld. (See fig. 32.) Fug-
get penetration is indirectly correlated with nugget volume
and diameter, for welds made with similar electrodes under
similar welding conditions. . Hence the one-paint-penetrator
- test predicte weld strength only through a chain of corregla-
~tions with weld-nugget diameter. . .

Precautionsg %o be observed 1n applying ‘the one-point
penetrator test are: () The penstrator must ba’ very carefully
located over .the center of the weld mugget-7 (2} ‘The 'shape
.and size of the penetrator must be’ fixed and constant’ (3)
The conditions of load;ng mast be controllad accurately, (4)
Tests must be made on welds dll of which heve been made with
identical welder tip size and contour, and on the side of the
sheet which.was in contact with a.particular electrode tip.
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Inherent errorsg.of this method include: (1) errors due
%0 the lack of & reliable correlation between nugget dlameter
and nugget thickness, (2) errors due to unsymmetrically
shaped nuggets or nuggets the centers of which are, displaced
from the faying plane, (3) errors due to inaccurate posi-
tioning.- .

Advantages of this method have been listed under pene-
~trator tests. Standard hardness-testing machines may be used

.1f-desired. This test requires access to only one side of
the work, R

. Disadvantages of this test are: (1) its relative unre-
-liability, due to 1its indirect correlation with weld-nugget
diameter, and (2) its inherent errors.

Typical results of one-side, one-point penetrabtor tests
made on industrially made spot welds with & Rockwell Standard

Hardnegs Tegting machine as penetrator:are shown in figure 33.

2. Sidultaneocus two-gide, one-gofnt'pgnetrgtor teptg.-
This test method differs from the one~side, one-point test

only in that simultanesous penetration tests from both sheet
surfaces are made on the weld. "This test has the slight ad-
vantage of checking symmetry with respect to the faylng plane,
and of detecting welds with nearly all the weld nuggzet on one
side. only of the faying plane. Howsver, it requires access
to both sides of the work. ' '

3. Penetraztd¥ profille tests¢.— The penetrator arefile
test ie the most reliable method of determining weld-nugget
diameter, shape, and penetration. In thie test -a suitably
loaded penetrator carries ocut a “suedéession of measurements
over the sheet surfacs and/or ‘below the spot weld. The shape
of the nugget aldéng any section can be determined by penetra—
. tor profile measuremeénts ‘along a line over that section.

(See fig. .34 for characteristic penetrator profiles of spot
welds in Q,064-inch 24S-T alclad sheet.) Incdfeased sensitiv-
ity to weld-nugget geometry is obtained with’ penctrator pro-
file tests as sheet thickness is decreased. From penetrator-
‘profile measuremants, augget sige, shape, and thicknese can
“be determined., "Instedd of a succession of p01nt penetration
. measurements, & -contiduous profile by a rolling sphere or

- wheel following & YTinear or ‘spiral path may—be used Simul-
tlaneous two-side penetrabion profile testlng ie feasible
”under some conditions.~ - . _‘ -

Precautidng' (l) The single—point penetraﬁlcna muat be
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spaced sufflciently far apart to be independent of effects of
preceding penetrations. (2) Rolling profile units must be
very rlgldly mounted to avelid deflection due to the large
forces required to move them over the work. (3) Resultant
.grooves mnust not cause g "natch Bffect" to weaken the welded
joint. (4) Sensitive measurements with respect to the sheet
surface, accurate to nearly 1/10000 inch, are required.

.- - Advantages of penetrator profile messurements lie in
_their complete mapping of welﬁ-nugget geometry. - -

P_r.r.ee;.-u'v_aruage:: of pensetrator profile measurgments lie in
(1) the complexity and accuracy required in suitable testing
-apparatus, (2) the time required for testing, (3) possible

weakening of the joint by grooves.

= L =~ i -
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4 MultApoint or ring-nenetrator testgﬁ - These tests
Hare ‘deosigned to obtain ‘the significant information of the
profile tests, with simpler equipment. A direct measurement
of nugget diamster 1s made by a sultable ring impressor or
circle of point penetrators capable of determining whether or
not the nugget lies under the circle 0f penetrators. (See
figs. 38 %o 46.) If the nugget is smaller than the penetrator
circle, oFf “has excessively low penetration - (20 percent), the
penetrators indicate only parent metsal to be present. If the
nugget diameter approaches and passes that of the ring, pene-
trator “indfications ‘detect thi's change sensitively. A1l nug-
gets of diameter much greater than the ring diameter, are re-
corded as large nuggete. TFor any sheet thiekness. the range
of very high test sensltivity can be hatched to ‘any chosen
weld-nuggét diamefer by selectior of the’ approPriatg penetra-
tor-ring diameter. One-side &r- simultaneous two-side testing
is feasible. The accuracy of measurement of weld-nugget diam-
. eter and of weld strength is nearly identical with the asccu-~
racy with which weld strength and diemeter can be correlated
to the diameter observed by desﬁructively sactioning the weld
nugget. “(See Pig. 45.) :' ToER T LT
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* Precautions to be obsarved’ in applying ring—penetretpr
‘tests includeé: (1) The penetrator assemdbly must be, ﬁccuraﬁely
centered over the weld nugget.. (The Tact that the nugget
does not always lie directly under the indentation "dimple“
on the sheet’ surTate 1ntroduces the largest error.ipn. this,
measurshent.) . (2) Phe:'sige, shape, and arrangement of. pene-
trators must.rsmain’censtant: (3) Effects of variations in
sheet temper muét "Be . compensated . -

I o =t = 5 L '-' R
- s a-l.-. ol I A T i A
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Inherent errgrs are- (i) an error of incréasing magnitude
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with decreasing nugget penetration. duse to decreaaing test
sensitivity. With less than 20 percent nugget penetration,
test indicates mo nugget. (However, alclad inclusione are
usually excesslive, ahd weld quality is very unreliable with
such thin nuggets, which are usually of irregular or "dough-
nut" ghape.) (2)° Errors die to unusual variations in the
temper of parent metal i

Advantages of the ring-penetrator test include (1) the
reliability and acouracy with which nugget diameter is meas-
ured, (2) the simplicity of testing and indicating equipment,
and (3) the direct, inetantaneous indications of nugget sige.

Digadvantages of this test include (1) ite inherent er-
rors, (25 its fellure to measure conditions at the faying
rlane, such,as extent of aleclad bhonding. Detalls of the de-

velopment of equipment and the results of ring penetrator
tests on a large number of induatrially nade spot welds are

glven in appendiz & of this report.

- B X Bay Tests_"

.In these ﬂeéts. ‘the welded sheet is exposéd to low volt-

-age X-rays or Grentz rays (10 kvp to 50 pr) Fine_gr&in

. -radiographic film is placed ‘elése to the oppoaite 'side .of
‘the .gheet (fig. BBY or'a fluroscopic screen might be usea for
visual Ansgpection. Small differences in’ 1mage density may be

obtained under ideal exposure cond1t10ns. The longer the
wave length of the X-rays, the greater the difference in den-
8ity of various regilons of the image (reference S8) and the
greater the exposure required.

Resultant radiographs are complex and must be inter-
preted carefully. It ig probable that under optimum condl-
tions, radiographs will show (a) weld cracking and porosity,
(b) nugget diameter, (c¢) area of alelad bonding, (4) epltting,
flashing, and expulsion of metal at the faying plane. 1% is
improbable that radiographs will show the extent of alclad
Inclusion into the nugget or the nature or extent of the co-
rona bonding at the faying plane. '

Tests of equipment built by the General Electric X-Ray
Corporation and tried at the Glenn L. Martin Company in

-Baltimore, Md,,as well as research at the Taylor Winfield
-Company (reference 4) of Warren, Ohio,and the Aluminunm

Company of America (reference 6) at New Kensington, Penna.,
indicate that the radiographic inspection of spot welds on
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fine-grain film is probably feasible. Most radiographers do
not believe fluorcscopic inspection of spot welds to be fea-—
slble because fluoroscopic screens in use today have a grain
gize some 10,000 times larger than fine-grain X-ray film,
and becauss image intensity differences are small, Ionigza-
tion gage- inspection 1s likewise considered very difficult
because of the complexity of spet-weld images.

1. Weld-outline test (reference 14).- In this test, =
fluid containing radiographically opaqus materials.is caused
to penetrate between the welded sheets at the faying plane,
The penetrating qualities of the fluid cause it to cover the
faying plane up to the very boundaries of the bonded zone at
each weld, 1If the Joint 1s.now eXposed to X-rays, while the
image is recorded on X-ray film or viewed on a fluorgscopic
screen, the welds appear as reglons relatively transparent to
X—rays'surrounded by much more opaque sreas. The outline of
the actiual total bonded area of each weld is thus detected
readllv.. .

: Precautions to be observed in applying this test are:
(1) Thé fluid carrying the radiographically opaque materials- -
must not damage or corrode the aluminum sheet, nor should the
joint be epread in order to intpoduce the fluid "(2) Reason-'
ably constant radiographic density should he obtained cuteide
the weld region; (3) The fluid must penetrate to the bound-
ary of the bonded area of the weld, and into any interstices
between bonded areas.

Inherent errors may reeult if the fluid fails to pene-
trate to the boundary of the- bonded area at &1l1 points. The
contribution of .the corona bornding . to weld strength is not
necessarily measured. "

Advantages of the method are:(l).The tobal area of bond-
ing can be measured reliably; (2) Exposure conditions need
not be precisely controlled; (3) Special fine_graln films arse
not necessary; (4) X-rays from standard industrlal equlipment
(30 kvp to 150 kvp) may e anplied

- 'Disadvantages of.tne method are: (1) The inherent error
listed; (2) The additional operations of flowing in the fiuid
before exposure and of cleaning the sheet after exposure; (3)
Phe added cost of film and delay of developing film, requir-
ing identification of welds; (4) & .possible hagard to inspec-
tors if fluordscopic visual 1nspect10n is employed without
adequate precautions; (5) Relatively ‘elaborate egiipment and’
skilled operators are required. ~No exverimental tests of
this methvd were made in this research.
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2. Radiographic tests (references 4, ﬁ.-emisf-and'lO)ﬁ.—
In these tests, the welds are subjected to carefully con~
trolled low voltage X-rays and the weld imege is recorded on
fine-grain photographic film placed behind the welded.. innt
The X-ray voltage should’ be stabiliged.to x1/4 kv., and.
should be as low as feasible, for adequate radlographic.con-
tragt. (Twelve kv X—rays produce appregiably greater con-
trast than forty ¥ X-rays, ‘reference 9.) .-The effective
focal area of tlhe tyibe should be small in.comparison with
the target film distance An effective focal area 1 miili-
meter sqguare with a 36-inch target to film distance has given
acceptable definition with standard industrial X-ray equip-
ment . (See referende 6.) -The film should have fine graln.
(Eastman Tyne M ald ‘Agfa Superay B have .been used success-
fully), be wrapped only in photographic paper with 1/16—inch
lead backing behind the film, and be placed close to the weld.
Two or three layers of X-ray film can be usad without appre-
ciable loss in defidition. :

Exposure - cdnditions .must be praclsely controlled to ob—
tain optimum qoptrast and dsfinition.

Procautions to be obsarved inciude: (1) The film must be
_wrappod’ only in’ ;hin paner opague to light but transparent to
X-rays ¢f low voltagc, {(2) Bxposure conditions and film pro-
cessing shbuld‘be precisely controlled, (3) Peresonnel should
“be protecte& from ‘X-rays,

Inherent ‘errprs include: (1) Brrors resulting from ina-
bility of method to'discriminate extent of alclad incluelon
into the weld nuggbt. Such inclusion occurs frequently with
+thin, small .weld nuggets, and lowers weld strength apprecla-
bly; (2) Errors, resulting from lack of definition in radilo-
graphic images %f.spot welds with thin weld nuggete; (3)
Errots in interprétation of spot-weld radiographic:.images.

Advantagzes of the test include:(l) Cracking, porosity,
nugget diameter, and total bonded area are indicated, under
optimum exposure conditions; (2) The weld is not demaged by

"~ the test; (3) The weld nesd ‘not be Locat sed precisely; (4)

Permanent recofds ‘are obtained.

Digadvantages include: (1) .The test requires access %o
both sides of the weld; (2) Long exposures (4 to 30:min) are
_required with standard radiographic egquipment; (3) Film must
‘be used, involving added cost; (4) .Delay of developing takae
“tine,’ requires identification of welds, (5) Relatively
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elaborate equipment and skilled operators are required- (6)
Gareful intarpretation of radiographs is required.

3. Fluoroscopic—inspsction methodsé—— In these tests,
the welds are.subjected to.carefully controlled XZ-rays and
the resultant images are viewed by means of & fine-grain flu-
oroscopic screen placed close to the welded sheset. Under
optimum conditions, images similar to those obtained with
fine grain film might :be expected. :

Haweve:;havailable fluoroscopic screens are far too
coarse-grained to obtain definition adequate for spot-weld
insvectlion. Alsc the contrast between regions of the spot
weld 1s too low for easy fluoroscopic“inspection The method
has yet t0o be proved feasible.

Preczutions are: (1) The inspector must be protected
from excessive X-ray exposure; {(2) To obtaln reliable results
careful Y"dark adaptation" of the eyes (30 min in a completely
darkened room) is reguired before inspection begins; (3) Lack
of sensitivity or fallure to indicate faults should not be
taken as proof of weld gquality.

Advantages of the method include: (1) No film is re-
quired; so inspection cost 1s lowy- (2) Results of inspection
are availatle imnediately; sc no marking or identlfication
of welds is needed; (3) welds need not be located accurately
for testing. :

Digadvantages include: (1) 4 completely darkened room
is needed for viewing the fluoroscopic screen; (2) Inspectors
have time delays because of fatigue and time needed for dark
adaptations (3) Access is reguired to both sides of the weld;
(4) special equipment is required for thse protection of per-
sonnel and support of specimen.

¥No fluoroscovpic testing has been included in this re-
search,

4, Ionization_gage method* .~ In this test, X-rays pass
from the source through the welded sheets into a suitable
ionization gage, which measures the quantity of X-rays pass-
ing through the sheets at the weld. (See fig., 36.) The
gage may make sither an over-all measurement, or profile the

*This method is now under investigation by other re-
search investigators,
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weld region to obtein fine detail of the X-ray image of the
weld. To avoid lengthy exposures exceedingly sensitive ioni- '

zatlon gages are required, particularly for profiling the
weld,

Inherent errors include: (1) Errors due to failure to
observe fine detail of weld in the over-all test; (2) Possi-
ble effects of cracks and porosity; (3) Errors due to mis-
alinement of the actual weld nugget and the ionigation gage;

(4) Brrors due to excessive sheet indentatlon and other geo-
metric factors, : ’

Advantages include (1) Eesponse is inmmedlate, makling
marking or identification of welds unnecessary; (2) Indica-

tions are independent of operator and could be automatic in
operation. o .

Disadvantages include: (1) Access is required to both
sides of the weld; (2) Careful locating of the weld is re- -
quired; (3) @racking or excessive.sheet indentation may 1in-
troduce erronsous indication.

¥o development of lonization gage-testing equipment has
been included 1n thias research,

I. Mechanical-Proof Tests

In mechanical- proof tests, the spot weld is loaded to a
predetermined fraction of acceptabdle strength in shear or
tension by m suitable mechanical testing tool, With welds
in extended sheets, it is very difficult to load individuval
gspots in shear without excessive sheet dlstortion. As & re-
sult, most mechanical proof tests are designed to load the
spot weld in tension. However, it must be recognilzed that
tenslon strength is not necessarily proportional to the shear
strength of the weld. Hence these tests are indicative of,
but do not measure shear strength. They d6 dlscriminate be-
tween "gtuck!" welds and weldas of acceptable strength,

The greatest disadvantaze of mechanlcaL-proof tests le
.ﬁmhe_possibilzty that the proof load might damage the weld.

This. need not necessarily occur ~ in fact, it 1s probabdle -

.that spol welds which were damaged by proof loading to a -

_ fraction of minimum acceptable strength would not be sulta- .
ble for use in aircraft. Experience with static shear pull

testes 'on thousdnds of spot welds fails to show any damage

resulting from partial loading, Iin welds of accéptable

strength and quality.
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The advantage of proof tests lies in their complete re-
liability, when the load can be properly applied to an indi-
vidual spot. )

1. Pry-test methods.- Following the method of the in-
spector who pries the sheets apart near the spot welds to
detect weak welds, calibrated prying tools designed to exert
kpnown loads have been developed. Regardless of the force
-exerted by the operator, clutch or spring devices prevent
the force applied to the weld from exceeding a certain maxi-
mum, Hence known proof loads may be applied without damage
to good velds. The method has & direct appeal to the inspec~
tor because it follows proved inspectlon procedure with addi-
tional accuracy.

A precaution to be obsgerved in applying pry tools is
that the tool must be properly applied, and applied only to
Joints and sheet thicknesses for which it has been designed

and adjusted, to avoid damage to the welds or structure.

Inherent errors include: (1) Errors resulting from the
presence of other welds very close to the weld under test,
if the load is distributed to these other welds; (2) Errors
due to varlable sheet stiffness.

. Advantages of pry-testing tools are: (1) Measurements
are simple and direct: (2) The load is applied to weld at
faying plane, rather than sthrough shest.

Disadvantages of pry-testing tools are: (1) Phe sheets
are separated and may be distorted by the test; (2) Welds
are difficult to reach through large overlap; (3} sheet sur-
face is scratched at faying surface; (4) Damage to the weld
may result from careless use.

No very practical forms of pry-testing tools have been
developed in this research, although preliminary designs for
such ftools have been proposed.

2. Adheslve-Dbond testsﬁ,--lg this test, suitable small
plates are bonded $0 the outer sheet surface above the weld,
and/or to the opposite sheet surface, uslng recently devel-
oped metal-to-metal adheeives applied under heat and pressure,
A typical adhesive (furnished by B-B Chemical Company,
Cambridge, Mass.) applied in these tests consistently devel-
oped. more than 2500 psi shear strength and 2000 psi tensile
strength in bonds between alclad sheets. It is applied with
a brush and allowed to -dry in air for an hour. Then heat
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and pressufa are applied -5 to IG’minutes to cure the bond,

(See fig. "B3747) " Suftabdle loading tdols then 1ift the bonded
plates from the sheet, loading the individual spot in tension,
(See fig. 37B.) Weak welds fail under the chosen proof load.
Lcceptable- welds are not damaged and the eheet ig not dis-
torted by thls test.

Precautlons to be observed in applying these tests in-
clude: (1) The' sheet surface nust be properly ¢leaned and the
adhesive bond mr'st be made carefully, (2) The load must be
applied normal to the sheet surface so0 &5 to avoid progres-
sive failure of the adhesive bond; (3) The epplied load
should not exceed the chosen prosf load.

Limitationg in the anplication of the metrhod are: (1)
It 'is not applicable to welds between two rigid sections,. as
the- load would be distriduted to several welds, (2) It may
‘be applied to thin sheets welded to stiffeners. by loading
from only one side, or to sheet-to-sheet welds with loasding
from above and belaw the weld,

, Advantages of the method are: (1) The sheet is not dis-
i'torted, and zodd welds are not damaged by the test; (2) Di-
rect, reliable measurements are obtained.

Disadvantages of the method are: (1) Pests on individual
welds involve excessive time delay, although large numbers of
welds may be tested relatively quickly; (2) Heating and pres-
sure equipment must be uged to make the bond, and heat is
needed to weaken the adhesive bond after testing, to remove
the test plate.

Figure 37C shows & sultable loading tool.

+

3. Prpof_testing at welderf _ It has been proposed that
proof-testing be carried out at the welder directly after
cach weld is made, sq that defective wélds cah be detected
immedliately and replaced., Such testing might be made an in-
tegral part of the welding operatloh,'automaticallv applied
as the head of the welder rises s0 a8 to entail negligibdle
loss of time., Special clamp tools, posslbly operated by the
welder air supply, world be necessary to hold the sheet and
load the weld. Un long continucus Jjoints, these clamps might
also serve to move and positlion the sheet for welding. The
device would load the weld only to & fixed proof load, end
release the sheet when this load was attained, to avoid ex-
cessive ‘sheet distortion. Hold-down ae?icei=might be needed
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to avoid loading.ad jacent welds. -Care would be exercised %o
avoid excessive sheet separatlion because of the clamps in-
serted at the faylng plane. Cold rolling subsequent to weld-
ing might be necessary %o reduce shest separation 590 2 mini-
mum, - e - -

Precautioﬁ; include. (1) Gare to avold damage to the
weld through excessive proof loading. .

Advantages are: (1) Proof testing can be carried out on
all welds; (25 Defective welde can be detected and rewelded
with negligible lost time; (3) The test would be reliable
and conclusive.

Di aavanta eg are: (1) Proof loads might damage the.
welds; 525 Sheet sepdration and distortlon might result;
(3) The time required for welding might be increased;

(4) The flexibility of the welder might be reduced; (5) New

fixtures might be required for special shapes of structure
to be welded. -

No development of this type of equipment has been in—_
cluded in thils research.

d, Further Development and Application of the Moet
Effective Tost Methods

Investligations of the test methods Jjust described re-
vealed that three test methods —~ the two-eilde direct-current
test, the ring-penetrator test, and spot-weld radiography -
were effective tests of spot-weld guality. Intenslve devel-
opments of the two-sids direct-current test and the ring-
penetrator test resuited in the design and construetion of
Spot-Weld Testing Kachine ¥o. 1, which is described in appen-
dix I. A gimultaneocus investigatlion of spot-weld radlography
(not included in the sponsored research) revealed that radiog-
raphy offered especial advantages and reliability as a spot—
weld test. _ . )

CONCLUSIONS

The mosat promising nondestructive method of testing spotb-
welds 1s radiocgraphy. With this method, 1t is not necessary
to locate the weld nugget accunrately in order to measure 1its
diameter, or to detect the presence of cracks, porosifty, and
spitting. -~~~ _ o LD o - - . .
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The most relisble nonradiographic test 1s the ring pene-
trator or profile~penetrater test, :which-can measure wéld~
nugget diasmeter reliably under . normal eonditions of production
welding. It does not measure the nature of .e&xtent of crack—;
ing, porosity, and’ spitting, except insofar-ase thése defecta'
change the penetration of the loaded test penetrator )

v wrrt o m s - N
- .- -

The ring electrode two-side direct-current test measures
the bonded area at the faving plane of the spot weld, but
does not discriminate between nugget and alcald corona bond-
ing. In conjunction with the ring-venstrator festi, it pro-
vides a good measurs of the strength.of production.spot woldns.
Neither the electrical nor the penetrator %est is capa-
ble of determining the extent of the alclad inclusion into
the weld nugget at the faying plans, bi'ﬁhe'dpbrease in weld
strength resulting Prom this cause. T C i e

- = - - = T_.--_..¢‘__,;____ - N
.- —a .

Por the measurement of. extent of cracking and porosity
vithout the ugs of X-raye the gddy-current test offers the -
advantages of a direct and reliable measurcment subJect to
some error due to indentations of the sheet surface.

Welding Research, '
California Institute of Tachnology,
Pasadena, Calif., November 1943.
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. SOURCES .OF PROPOSED TEST METHODS

i
P'(u.-

- 1,-.:» P
F ST B S e oo

oA e T

(a} Two—Si@e Direct—Ourrent Test - A form of test similar
to the two-side . dirgct-current test was developsd by Andrew
and Perilld. for the Glenn Martin-Aircraft Company of Baltimore,
Ma . "= (Refer %o My.--Paul- Mefriman for details.)

(b) One-53ide Direct-Current Tept.- A preliminary form of
this test was developed-in the Electrical Research Section of
the Lockkeed Kircraft Corporation, Burbank Calif.

(Refer to Mr., ¥Fred Bowden for detalls.

(e) ép_Jo;nu Inguctlion Tegt.~ A test which may be simi-
lar to the lap- joint irdduction test was developed by Mr.

Norman Bonn;‘uf Phlladelphla, Pa .,

(&) Pick-Up Coil Ead?-currant Tegt .- Developed in the
Naval Resgsarch Laboratory ané renorted by Ross Gunn in YAan
Eddy-Current Method of Flaw Detection in Non-Magnetic Materiald
in the Jouxnal of Applied ”ecnanics,- March 1941,

(e) Spot-Weld Eddy Testipg Unit.~ Developed in the Naval
Regearch Lavoratory and reported 1n a progress report, July
l942. - . . . . _ -

l

(£) Lockheed ®ddyv. Cufrent Test Unit.- Developsed in the
Electrical Research Section:-of the Loc&heed Aircraft Gorpora—
tion by Dr. Philip Garlson. o i -

(g) Heat-Rgsarvoir Thermg} Test - stelpped’ty the
General Electric Company, Schsnéctady, New York, and tested in
the Lockheed-Aircraft bornuration Resoarch: L&bbrgpory,.
Burbanlk, GCalif. ; BRI

(h) Yibration Damping Test.- Method 1 dis&ﬁdséd in
Hodulus of Elasticity and Damping in Relatlon 1o tho -State of

the Material, by F. Forster and W. Kostern, in Jeunnal of the
Institution of mlectrical Engineers, London, B JIr.cvel. B4,
Jan.~June 1839, pp. 558-564, - T . ' '

(1) Wave-Reflection Test.- Proposed by Professor F. A.
Pirestone of the University of Michigan, in connection with

the Supersonic Reflectoscope.

(J) Wold-Outline Test.- Mlle. Natalile Godaleky in a
paper furnished by Sciaky Brgthers, Chicago, Ill,

NOT®: Proposed test methods identified by the sign ¢ were
independently proposed and developed by the Welding Ressarch
Group of the California Institute of Technology.
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- - = --APPENDIX & -

DESIGN AND OONSTRUCTION OF SPOT-WELD TESTING MACHINE No. 1

- #. Desgription of Machine

Spot~-¥eld Testing Machine No. 1 is & laboratory device
designed to test the principles of the penectrator and elec-
trical nondestructive tests. It has not been designed to
take extensive structures, but will handle standard shear
test panels with spot-welded lap Joints, Compaet construc-
tion was uséd to avoid excessive deflections of the frame of
the machine under loading. The machine combines two tegt op-
erations in one sequence: namely, two-side ring-penetrator
tests of the nugget diameter, and two-side electrical tests
of the total aree of bonding. Figure 38 shows the entire
maéhine, _ - LT T T :

“For the ring-penetrator test, a hydraulic Jjack (4) ap-
vlies loads measured by weighing block (B) and indiceted on
dial gage {(C) to the moving pressure cylinder (D) which slides
in an accurately machined eylindrical guide (E) supported by
the frame of the machine (Ff. The ball penetrators (&) are
carried on removable anvil inserts (E) held by & set screw in
a socket in the anvil (I), and are carefully alined on the
axis of the moving cylinder. Similar penetrators (J) are ecar-
ried on the anvil insert (X) in the upper anvil (L). This
anvil ig set into the top plate (M) which is securely fastened
to, but electrically insulated from, the frame (F). These
upper penetrators sre carefully alined with the lower pene-
trator bells on the moving cylinder. Probes (N) slide freely
in the anvils, and have replacsable contact tips (0) which
pass through small holes in the anvil inserts (K). The heads
of these probes are in contact with sensitive dial gages (P)
and (Q) fastened firmly by posts to the top plate (M) and the
piston eap (R}, respectively. These gages measure the pene-
tration of the penetrator balls under loading. In operation,
the spot-welded panel is inserted between the head and the
moving eylindéf and the spot weld is carefully ceantered urnder
the penetrator assembly. ILcads are applisesd as desired.

- For the two~gide electrical test, either the anvil in-
serts carrying -the ball penetrators, or egimilar inserts with
eircular ring penetrators (S) may be used as electrodes.
Electric current from an external direct-current generator is
introduced into the top plate (M) (which is insulated from
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the frame) at contact (T): “This current flows from the upper
penetrator or electrode (J) through the weld to ths lower
electrode (G), and leaves the machine through the terminal

(U} on thé moving cy¥inder.  The current then returns to the
generator through an external anmeter and control resistance.
The potential drop .acadés the prébes (N) is measursd by a low-
resisgtance microammeter, These probes are carefully insulated
from the anvil inserts. Microswitch (V) on the welighing block
(B) is interlocked with the current switch to prévent the
sw1tch1ng pn.-.of current with- inadequate electrode pressure.

~The rin&-tenat:gtor aseemblies uged on Testing Hauhine
Wo 1 are shown in figure 39. For laboratory tests, 1/16- inch-
.diameter—hariened steel balls (commercially avallabls for
Rockwell Hardnessg. ﬂesting Macnines} were used as :penetrators.
Calibrated sharpenad .steel points (commercially available for
use In:-the Barcel- Impressor? cdn be wsed to obtain eguivalent
penetrator tests with much lighter applied loads. The pene-
trators are mounted on circles of diameter chosen to.corre-
spond to acceptable spot-weld-nugget diameters ip. various
gages of aluminum-alloy shset, and are- supported on hard steel
anvil inserts. These-inserts may be qulekly exchanged when 1%
is desired to test. spot welds in dlfferent gages of alloy '
’ Bheet- . , " ".

The ring gleggroda aasémblle uaed Gn qu%ing Machine No
1 are shown.in {igute-40.' The electﬁqdes ane .circular cdontact
areas of: diamaten.ullgh*ly larger, . thdn the taﬁal honded areas
of acceptable spot melds in each Bheet thlq&pass._ Thie s's’ dlec~
trdode unite are .of +tHe mdné dimen51ons a8 the;-penstrator ant-
vil inaerﬁs. and: may -be uéea interchapgeably,ln meatlng :
Ma'chine ¥o. 1. .~ ~¢*r =-o

o N . . - L. I
: B v A
N Cor

B Principle of Operation of Hachine

The ring—penetrator tests of Spot- Ueld Testing Hachine
¥o. 1 are baged upon resulfs-of the penetrator-prolea tests
shown _ 1in figure 34. TF¥rom these tests "1t was found. that .the
typical penetrat1on profiles had the éharescteristic .shape "'
shown in figure 41. The ring-penetrator units of Spot~-Weld '
Testing Machine No. 1l are designed with the diameter so

that the penetrators fall on the points A-A of the pendtrator
profile curve for normal good welde in sach gage. of alumihum-
alloy sheet, If. the weld nugzets are smaller thaen the.normal
acceptable weld. nugget, She penetrators fall outside the_weld
nugget over.the. tempered pareant metal, y points on-therpehs’
etrator profile curve identified by BoB. I1f, however, the
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nugget ig’ larger fhan the normal 8size, tHe penetrators fall
over the cénter of the nugget and the indications correspond
. to;the points ¢-C of the penetrator profile. Sections through
-‘alclaa ‘ghest are shown in figure 42 with the indentation of
the, ring-penctrator test visible on the macrographs. The
ﬂpenetrator test indication is shown for each of the welds.
“It may be seen that tHe penetration of the ring penetrator
..measures weld diameter gensitively and reliably, and that
small weld nuggzets are differentiated from large weld nuggets
hy slgnlficant changes in 1ndication
_. The ring—electrode two—side direct—current tests of Spot-
Weld Testing Machine Ho, l.are based upon preliminary tests
of the two-side direct-currant method of determining the total
. bonded arsa at the faying plane. (See figs. 9, 10, and 11.)
Macrogravhs of the faying plane of typlecal spot welds of vari-
ous siges in 0.040-inch 24S-T alclad sheet are shown in fig-
ure 43, with the indicetion of the two-side electrical test
shown for each weld. It may be seen that the electricasl test
indications corre1ate with t he total bonded area of -the spob

weld.

R — . = -

-

c. Procedure in Operation of Machine

To conducu nondestructive tests of spot welds the machine
i1s first.calibratwed for penetrator tests by using a block of
homogensous matsrial of known hardness {(Rockwell Eardness _
Testing Machine cailbration blocks) and applylng a fixed load
by means aof a nxdraulic jack. The penetration is measured on
top and bottom dial gages and compared with previous results
on the game test Dblock. " Any change of ehape in the penetrators
can be obmerved and the penetrator balls (1/16-in.-diam, steel
balls, identical with thOee used in Rockwell Hardness Testing
machines) may be repTaced if neceeearv

Before conductirg electrical tests, the electriocal sys~
tem ig checked by applying a fixed current to a similar cali-
bration block of kncwn thickness and resistivity and compar-
ing the potentlal indication with that obtalned previcusly.
Corrections are made if indicatlons are abnormgel. The checks
gshould be made befare beginning & new eet of teste and after
every two hundred welds tested. -

After calibration of the machine, spot-welded parel is
inserted in the gap between the electrodes and the first spotb
weld is carefully centered under the potential probe of the
head of the tester., A pre-load of fixed amount (200 1b with
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4-Dbgll. imprassoxs) les applied by means of the hydraulic Jack,
the loa@ being ihdicated by -the dial gage on the welghing
block. fhe indication of each penetrator dinl gage 1a re-
corded The load is then increased to the full load setting
(1000 lb on the #-ball gssembl and the indication of each
dial gage is again . recorded. gf elactrical testse are being
conducted with the same set of electrodes the direct current
1s applied and the potential indication recorded. The cur-
rent is then-interrupted and the load released so that the
welded panel may. be maoved and the next weld tested. The sum
of the changes Iin indication of the upper and lower dial
gages between pre-load and full load is then taken as the in-
dication of penetration. The ratic of the total testing cur-
rent to the potential indication is taken as thes indication
of bonded area at the faying plane. TFor greater sensitivity,
current .electrodes of dianeter larger than that of the pene-
trator ring may be used to indicate the total bonded area, in
a separate direct- current test: follow1ng the penetrator test.

~Even asz the laboratory testing machine a weld may be
bested in-less than.a pinute, reading -a}l dials and meters by
eye. TFor production measurements a machine canable of taking
any shape of structure which can be spot-welded could be used
for the same measurements. The pre—loadfand full load could
be applied gutomstically by connecting the loading pistons to
sources of low and high hydraulic or air pressures, and by
recordlng'the deflectlon qf the weighing block -and of the
penetrator indicators by means of magnetic or electric strain
gages. . 411 this mivht be. controlled automatically by simply
pressing a button to initiate the .sequence of operation: and
obsgerving resultant indications on e recording 1nstrument or
indicator device. The only portion of the test which is in-
herently slow 1s the centering of the svot weld under the
testing assembly.. By far the greatest portion of the txme
required in the testing operation would be reguired for’ this
item alone. With such a machine it should be pospible to
test 10 %0 30 spots a minute without difficulty.

" D. Results of Tests SR L

Testlng Machine No. 1 hgs Yeexd uSed under sevefal condi-
" tfons in the testing of spQ¥ .weld's fr'aluminun-alloy sheets.
Various penetrator arrangements have been employed.and several
. Sages of sheet tegted. " The first- arrangement can51sted ,of
“thrée, .spherical hardened stoel balle- placed equldistant qn

_ the neripherv of a circle. #Sse fig. 39.) - Test# ahowed this
-ndevlce %o be capable, of ﬂlsariminatlng weld strength reliably

s
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on welds of normal shape (figs. 5 and 44) ‘but on welds having
elementary nugget formations (fig. 3),,erroneous indications
resulted because of the irregular shaps. ©Ff the area of bond-
ing. Inproved assemblies with four and six balls placed on
the circumference of the eritical circle showed improved per-
formance, (See fig, 39.) ILikewlse, the use of circular elec-
trodes of diameter larger than the penetrator circle as elsc-
trodes for the electrical test resulted in an improvement in
the measurement of the area of bonding. (See fig. 40.

Phe diameter of the weld ngggets 1s measured to £12 to
‘L15 percent by the penetrator test alone as shown in figure 45,
-summarizing results on several hundred gpot welds made in
_different West Coast aireraft factorles under normal indus-
trial conditions of welding. These tests prove the machine
to be capable of measuring weld-nugget diameter reliebly. It
is because of the reliasbility of this measurement that the
machine ils capahle of measuring the strength of the weld.

The gtatic shear strength of the spot welds 1s measured
to 10 percent by the penetrator test elone in the range for
which penetrator ig adjusted as shown In figure 46 on the
seme sets of industrially madé spot welds, This measurement
compares favorably with the correlation between the sitrength
and spot-weld-nugget diameter shown in figure 41 for the same
sets of spot welds. It is seen that the penetration test
measures weld strengith with an error egqual to only twice the
median error in the correlation between weld-nugget diameter
and strength This quality of measurement in iteelf 1s ade-~
quate for the nondestructive testing of spot welds in industry.

The total area of bonding at the faying plane 1s msasured
to +£10 percent by the electrical test. (See fig. 47.) 3Be-
cause of the variation in the nature of the corona bonding
and.the difficulty of visually measuriag the corona area on
the pulled welds this correlation, 1s appreciadly less accurate

. than 'that between penetrator tests and nugget size. The di-
rect: correlation between electrical test indications and spot-
weld statlc shear strength is poor because the test does not
discriminate the type of bonding at the faying surface. ' (Sese
fig. 48.

The statie shear strength of the spot welds is measured
to £10 percent by the combined penetrator and electrical test
indicatiéns, (See fig. 49.)
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. \
E Gonclueions ﬁased on Results of'Iesta of Testing Machine No. 1

PR T
1 Ehe ring-penetrator test alone can be a reliable

measure of weld nugget diameter, It measures the component

pf weld:shear strength due %o the nugget with nearly as much

_ accuraey as does the dlameter of the nugget observed by de~
: fstructive secti@ning. It dqges not measure the component of

- weld strength supplied by alclad bonding (an unreliable con-
e 'tribution) an& s0,’ properly calibrated givee conservative

predlctions of weld strength. - :

.

2 The eleetrical test measures the bonded area to a
moderate degres "6f sensitivity By itself it is not -a reli- -
able measuresment of weld shear strength, for shear strength

~dig net measured reliabdbly by the totdl area of bonding. It
“does detect a*wcld the faying surface- of which has bonded
poorly ‘or the-bond of which ,has been ‘broken after welding,
with absolute reliablliity. It makes poss1ble .an estlimate of
the ocdntridbution of corona bonding.to tHe weld shear strength
and so ig a valuable supplement, to the ring penetrator "‘test.

3. Th@.gﬁief 1im1tat10n on the abcuracy of all. forms of

mechanical and electrical tests sensitive to. weld size re-
'eulte from the. difficulty of locating the centex of the weld
by observation of the' outer surfacé of the uelded ‘ghedt. The

weld - mav not+be centered undexr. the ‘welder eleotrode indenta-

tion. Thue the ma jor portlon of the testing tlme is required

to locate the tester above the weld, while. the test iteelf

may be. nearly instantaneous. Autom&tic préfiling to locate

the weld- accurately requires elaborate apparatus and 1np
"‘ereaséd testing time. :

4. Other limitations result from the fact that penetra-
tor Lndlcatigns depend upon alldy, heat "treatment, and sheet
thickness.. Calibration must be mwade on thHat alloy and heat |
treatment beinig ‘inspected, with a penetrator ring of diameter
suited to epot welde in the given gage of eheet

L

LN -~

¥, Proposals for Practieal Forme of Spot Weld Tester

e

Experience with Spot- Weld—Iesting Hachine Np. '3 nag 1n~ :
dicated princ1p1ee ana prectggal design forms for nondeetruc-'
tlve apoteweld’ testérs. _ -

l, Proposed Hand Tester A is a small portable penetrator
tester, gimilar to . devices now on the market for hand hard-
ness testing of homogeneous materials (The Barcol Impressor,
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avallable from Barber Colman Company, Rockford, I1l,)

A ring of sharpened calibrated penetrators is spring-loaded
by hand pressure to make a one-gide ring-penetrator test
equivalent to that of Testing Machine No. 1. (See fig. 50.)
(By using small-diameter, sharpened probes, a great reduction
in load i1s obtained for penetrations sensitive to weld-nugget
presence.) This is a direct measurement of nugget diemeter.
The device must be calibrated on the alloy and temper of
sheet to be tested. A change to ring penetrators of differ-
ent diameter is regquired when spot-welded shest of greatly
different thickness is to be tested. Properly located above
each weld, the hand tester ghould be nearly as reliable as
the penetrator test of Testing Machine No. 1.

2. Proposed Production Tester B is intended for produe-~
tion line use - possibly directly after the spdit-welding
operation - with welded parts being bBrought to the tester.

It 18 equipped with a throat and press or rocker arm of di-
mensions equivalent to the welders it serves, so that any
weld made on the welders can be tested on it. Two-side ring
penetrator and electrical tests are asutomatically carried out
and recorded each time the operator presses the foot switch.
Air loading and strein-gage recording make possible tests as
rapid as the spot-welding overation itself. Strain-gage load
measurements, with pre~load and full load applied by air
pressure, and strain- gage penetration measurements, could de
recorded automatically on indicator devices.
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FiG. la.

CROSS SECTION AND FAYING PLANE OF A TYPICAL SPOTWELD IR 24 ST
ALUMINUM ALLOY, SHOWING SIGMIFICANT REGIONS OF WweLD; (A) Par-
ENT MATERIAL, (B) ALCLAD LAYER, {C) CAST ALLOY NUGGET, INCLUD—
iNG (c?) DENDRITIC ZONE AND (ci') EQUIAXED ZONE, (D) CORONA,

(e) ALcLAD iNcLUSION, (F) PENETRATION, (6) HEAT AFFECTED ZONE
AND (H) FAYING PLANE. 20x.
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500X.
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A-1

STRENGTH BELOW
5O POUNDS

A-2

STRENETH 100
POUNDS

A-3
STRENGTH 215
POUNDS

FiG. 2.—

TYPE A WELDS - = ALCLAD
BONDING W1THOUT NUGGET FORMATION, 10X,
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cC-1

STRENGTH 200
POUNDS

STRENGTH 380
POUNDS

A o M 45, Bt s

"-.
‘

FiG. 4.~

TYPE C WELDS - — SMALL DIAMETER

NUGGETS WITH NORMAL ALCLAD
INCLUSIONS AND LOW PENETRATION, |OX.



NACA TN No. 945

Fig. b
D-1
: STRENGTH 725
i , POUNDS
B
b-2

STRENGTH 580
POUNDS

FIG. 5,-

TYPE D WELDS — — NORMAL DIAMETER
NUGGETS WITH NORMAL PENETRATION, 10X.
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E-1

STRENGTH 700
POUNDS

E -2

STRENGTH 530
POUNDS

FI1G. 6(atoc).—-

TYPE E WELDS - — OVERSIZE NUGGETS
WITH EXCESSIVE PENETRATION, CRACKS,
POROSITY OR SPITTING, 10X.
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STRENGTH 680

POUNDS

STRENGTH 1385 POUNDS
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FIG. 6b.
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e

AMMLTER

RHEC ST

FtG. 12.~ THE ONE-SIDE DIRECT CURRENT TesST OF Txe
BONDED AREA AT THE FAYING PLANE OF THE SPOTWELD.,
DirecT CURRENT FLoWS BETWEEN [, AND [,

SMEET POTENTIAL |s MeAsurep BETween P, AND P,

-

FIG. 14.< EFFECT OF SHEET [NDENTATIOR 1% MASKING
INOICATIONS OF BoNDED AREA AT THE FAYING -PLANE BY
THE ONE—SI1DE DIRECT CURRENT TEST.

Figs. 18,13,14,15

----- b e
P o S I L

I . 10 §CIAMY WELNG AT 380
i MAL WELD CURMEAT & _]
H [ SN S, ¥

§ 88882838

IT I SUPRESSED EIRG

go 32 34 36 38 40 42 44

ELEGTRICAL INDICATION
MICROVOLTS/AMPERB/ANCH BETWEEN PROBES
0.135° APART

LOAD FOR STATIC SHEAR FAILURE (POLNDS)

FIG. 13.~ RESULTS OF ONE-SI10E DIRECT CURRENT TEST;

ON SIHGLE SPOTWELD SPECIMENS [n OxE IncH SHEAR TEST
STairs. Ko DirFFeRENCES (K [NDICATION ARE OBTAINED

BETWEEN LARGE AND SMALL WELDOS Im EXTEMDED SHEETS By
Tis TEsT.

g
: ———— A
‘\ ‘\\ - -
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‘\_‘__// \groT wnno
o | A 1 F

F1G. 15.~ WHEATSTORE BripGe Forw OF THeE ONE-SiDE
Direct CurreNT TEST OF THE BONDED AREA AT THE
FAYING PLAKE OF THE SPOTWELD. CURRENT FLOWS Be—
Tween CONTACT Pot!NTS (1). PoTentiaL s Measured
ACROSS EQUIDISTAKT POTENTIAL PROBES (P). THE
ELECTRODES FORM A WHEATSTOWE BRIDGE CIRCUILT, WHICH
!s UNBALANCED By THE Presence OF A Wero.
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Figase, 16,17,18
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i ¢ et
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F1G. 16.— THE Lap JOINT DirecT CurrRedT TEsT OF THE BONDED
AREA AT THE FAYING PLANE OF THE SPOTWELD.

—_—

/]

ELECTRICAL INDICATION uAAMP.

g g % % % 3 %

ELECTRODE POSITIOH

. FIG. 17.— SENSITIVITY OF THE Lap JOINT DirecT CURRENT TEST
To THe PRESENCE OF SPOTWELDS, As Suown By ProFiLe Tests.

77/

——
L2777 ALTIIA AT TALA

Fi16. 18.— ONE ELECTRODE DIRECT CunﬁENT TesT OF THE BONDED AREA
AT THE FaYinG PLANE OF THE SPOTWELD.
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Flg. 19.~EFFRCT OF PLANE OF FLOW OF ROPY CURARNT UPON
MEASUREMENT OF BOMDNP AREA AT THE FAYINS PLANK OF THE
WPOYWELD.

A+ EobY CURMENTS FPLOWING IR PATH 1 PARALLEL TO THE
FAYING BURPACE DO NOT MEABHRE AREA OF BOWDING.

B, Epbny GURRENTS mLOWING IN PATH 2 KORWAL TO THE
FAYING SURFAGE DD MEASURE AREA OF MONDING.

VAQDM U
TOLZMPER

EXICITING QOIL WITH
QURCENTRIC PULKS.

SIACULAR ZODY CURRENT
SATH E3TARLITHED
BRI.ON 0O

Fla, 20 A.—EXCITIwE 0OIL AND CIRCULAR EBDY CORRENT
PATH RSTABL)SHED.

* Mg v

ALD10 . AUDIO
050ILIATOR

AIDIO
CORDEIEER 0L 0SDIFLATOR
q———_ AF-O -
I
(- 3 ‘xumy couekes Dipow
e —— 1N LA OF MED? 11
Rala

FIg. 20 Ba— SERIES RESOKANT CIRONIT us€D WITH THANSFOMMER
tnouaTIOn TEAT.

110 aso»

- e FIXED
o ¢
' EICITIRG
__gorL

Fl8., 20 C.— RESONANT ERID&X GIRCUJT UBED WITH TRANSFORMER
INDUCTION TEAT.

Fi8, 20— TRANSFORNGR LOADING EDOY CURRERT |NDWCTIQM TEST OF AWBET THIERNEDS, WELD CRACMA, POROBITY,

AND BHEET INDANTATION.

og‘e1 -e31d
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Fig. 21.~ USEFUL CONFIGURATIOKS OF EDDY F1G6. 2%.~ THE LAP JOINT TRANSFORMER
CURRENRT INDUCTION POLE ASSEMBLIES. INDUCTI1ON TEST OF THE BONDED AREA

A. SINGLE CORE ASSEMBLY USED TO
MEASURE SHEET THICKNESS.

B. CONCENTRIC CIRCULAR POLE AS—
SEMSLY YSED TO RESTRICT EDDY CUR~
RENTS TO A CIRCULAR PATH.

C. RECTANGULAR POLE ASSEMBLY USED
TO RESTRICT EDOY CURRENTS TO &
RECTANGULAR PATH.

AT THE FAYIHG PLANE OF THE SPOTWELD.
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> INDUCTANCE
INDUGTANGE

F16. 22.~ RESOKANT CIRCUIT RESPONSE OF TRANSFORMER EDDY CURRENT INDUCTION UNIT. '
SMALL CHANGES IN INDUCTAKCE PRODUCE LARGE CHANGES IR INDICATION.
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FiG. 24.— TYPIiCAL PICK~UP COIL EDDY

CURRENT TEST UNITS.
A« UNIT FOR FLAW DETECTION IN
HOMOGENEOUS PLATES DEVELOPED BY
Ross Guwud, N. R. L. (Rer. ¥ 12.)})
B. UNIT FOR DETECTIOR OF CRACKS
AND POROSITY IN SPOTWELDS DE-
VELOPED BY N. R. L. (Rer. * 11.)
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F1G. 25.—~ EDDY CURREXT FIELD EWDUCED BY PICKUP UNIT A.
A. FIELD IR HOMOGENEOUS PLATE.
B. FIELD IR PLATE WITH FLAW.
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LUG THERMOCOUPLE

—————- AAAAAA  HEAT
Teaing YRV B oe [C)mcromeTeR

Fig. 26.— HEAT RESERVOIR THERMAL TEST OF THE BONDED AREA AT THE
FAYING PLANE OF THE SPOTWELD.

A.POWER SUPPLY
B.INDUCTION COIL
C.HEATED ZONE
D.F. THERMOCOUPLE
EG. GALVANOMETER
W. WELD

rppapppp—— 4 T ————
i:::—_' — = :!/’I \\\\\\ S |

—m e w—_ == ===
B = — s A 3

C

Fi16. 27.— INDUCTION HEATING THERMAL TEST OF THE BONDED AREA AT
THE FAYING PLANE OF THE SPOTWELD.
- A. HEAT FLOWS ACROSS FAYING PLANE AT WELD.
B. LiTTLE HEAT FLOWS ACROSS FAYING PLANE WHERE NO
BOND EXIXTS.
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VARIABLE FREQUENCY
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Fi6, 28.— VIBRATION DamP ING TEST
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OURCE AND
PICK UP UNITS

Fi16. 30.- WAVE REFLECTION TEST OF BOUNDED AREA OF
SPOTWELDS.
(A) WAVES PASS THROULGH WELDS AT FAYING PLANE.
(B) WAVES REFLECT FROM FAYING PLANE WHERE NO
BOND EXISTS.
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INPENTATION BY UPPER ELEGTRODE (00!")

A. DIAL GUAGE WITH COLLAR

B. SMALL |INDENTATION OVER SMALL. WELD
C. LARGE INDENTATION OVER LARGE WELD
D. RESULTS OF INDENTATION TESTS ON 14l
SCIAKY WELDS IN .Q4O" 2UsST ALCLAD.

FIG. 31. —ELECTRODE INDENTATION OF WELDED SHEET TEST OF SPOTWELD SIiZE,
AND STRENGTH.

S¥8 °"ON NI VOVN

‘8314

1202



NACA TN No. 945

,

LOAD FOR SHEAR FAILURE—POUNDS
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"/vlll//m;ﬂw/my/'" el
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F. APPLIED
FORCE

~

Figs. 38,33

Fle. 32.— ONE POINT ONE SIDE PENETRATOR TEST OF SPOT

WELD NUGGET PENETRATION.

GREATER INDENTATIONS RESULT

OVER LARGE NuGGETS (A) THEN OVER SMALL NUGGETS (B).

200- L~
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o .
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65

ONE POINT PENETRATOR TEST INDICATION

Fi16. 33.— RESULTS OF ONE POINT ONE SIDE PENETRATOR TEST
OF 14] SCIAKY WELDS IN Q40" 2U4ST ALCLAD.
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cndG IRBH

FIG. 34 -CHARACTERISTIC PENETRATOR PROFILES
OF SPOTWELDS
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INE GRAIN XRAY FILM
ELDED SHEET

F16. 35. RADIOGRAPHY OF SPOT WELDS.
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Fie. 56.—ARRANGEMENT OF EQUIPMENT FOR L ONRIZATION GAUGE TESTS OF SPOTWELDS.
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 SPOTWELDED---------===25~~--- X .
ALCLAD SHEET:-—— - . 9 _____ j N
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77177777,

HOLD DOWN PRESSURE

A. BONDING LOAD|NG DISC TO SHEET

WZ'
TEST PISTON
LOAD || ———7 [=——2}/| CONNECTION
. = == __:;To HAND PUMP
T —ol— |=Ol-/| /PRESSURE
bfp == ———={/E= GAUGE
- ——=| |2 =
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= WELD B e
=2
L
i HOLD DOWN
A RING
== T Y =1
e |
| ADHESIVE BOND
B. TENSION TESTING OF WELD C. HYDRAULIC LOADING DEVICE

Fic. 37.— ADHESIVE BOND PROOF TEST OF SPOT WELD



Fi1G. 38a.~ SI1DE VIEW OF ASSEMBLED MACHINE.

A.
B.
C.
D.
E.
F.
G.

HYDRAULIC JACK. He
WEIGHING BLOCK. l.
LOAD DIAL GUASE. J.
MOVING CYLINDER. Ke
CYLINDRICAL GUIDE. L.
FRAME . M.
BALLPENETRATORS-LOWER. N.

F16. 38(atod-spoTweLo

F16. 38b. - DETAIL OF MACHINE, DISASSEMBLED.

ANVIL INSERT.
ANVIL—LOWER.

BALL PENETRATORS—UPPER.
ANVIL INSERT.
ANVIL=UPPER.

TOP PLATE.

PROBES.

NON~DESTRUCTIVE TESTING

0. CONTACY TIPS.
P. Q.+ DIAL GUAGES.
R. PISTON CAP.
T,U. TERMINALS.

V. MICROSWITCH.

MACHIRE NO. 1.
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FiG. 38c. - DETAIL OF ANVIL AND PENETRATOR
ASSEMBLY

38d.- DETAIL OF WEIGHING BLOCK.
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Figs. 39,40

F16. 39. - RING PENETRATOR ASSEMBLIES USED
ON TESTING MACHINE NO. l.

FiG. 40. — RING ELECTRODE ASSEMBLIES USED ON
TESTING MACHINE No. 1.
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Fig. 4| . — CHARACTERISTIC SHAPE OF PENETRATOR
Tor. PENETRATOR INDICATION PROFILE.

CENTER. SECTION THROUGH NUGGET.
BOTTOM. FAYiNGw SURFACE OF WELD.

DOTTED CURVE CORRESPONDS TO THIN NUGGET.

Fig. 41
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42.~ MACROGRAPHS OF SECTIONS OF UNPULLED WELD SPECIMENS,

THE RING PENETRATOR TEST FOR THESE SPECIMENS.
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Fie.43a,b.-INDICATIONS OF THE RING
ELECTRODE TWO SIDE DIRECT CURRENT
TEST FOR TYPICAL SPOT WELDS (FAYING
SURFACES SHOWN AFTER SHEAR PULL
TEST.)
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FiGe 44.—- RESULTS OF PENETRATOR TESTS USING 3 BALL PENETRATOR ADJUSTED FOR .QHO"
24sT SHEET ON: . :

A. 175 TAYLOR — WINFIELD SPOTWELDS IN .064" 2UST SHEET.

B. 138 SCIAKY SPOTWELDS IN .020" 2U4sT SHEET (SEE FlG. 41A).
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NOTE: THESE GROUPS OF SPOTWELDS WERE PURPOSELY MADE UNDER WIDELY
DIFFERENT CONDITIONS FOR USE N DEVELOPING NON—DEBTRUCT(VE TEQTS.
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Fig, 50.~ HAND HARDNESS TESTER SUITABLE FOR PENETRATOR TESTS OF SPOTWELDS IN
THIN ALUMINUM ALLOY SHEETS. (BARCOL IMPRESSOR ~ — BARBER COLMAN 00.)
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